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Abstract
This thesis describes the potential of relaxor ferroelectrics for solid state cooling
based on the electrocaloric effect. The core of this investigation is to identify
the reliable methods to correctly evaluate the electrocaloric effect and develop
materials with the properties required for commercial electrocaloric cooling.
A thorough review of the state-of-the-art electrocaloric research reveals that
too many research groups still rely on the indirect evaluation of the electrocaloric
effect (ECE) from polarization measurements and highlights the need for direct
ECE measurements. A direct electrocaloric effect measurement set-up based on a
modified-differential scanning calorimeter, allowing the acquisition of both ther-
mal (ECE, heat capacity) and electrical (P-E loops, leakage current) information
simultaneously, has successfully been constructed and benchmarked.
Direct ECE measurements have been performed on normal ferroelectrics, such
as barium titanate, but also well-known relaxor ferroelectrics, such as the PMN-
PT system, for fundamental understanding of the electrocaloric effect. These
results highlight the importance of the polar direction of the electrocaloric mate-
rials with regard to the direction of applied electric field. A region with negative
ECE, which could be exploited to increase the efficiency of electrocaloric cooling
cycles, has been identified for <001>-oriented PMN-30PT by both direct and
indirect measurements. This negative ECE is observed in the vicinity of the low
temperature field-induced structural phase transition, which forms intermediate
lower-symmetry monoclinic phases. The occurrence of this phenomenon requires
the combination of several parameters related to the direction of application of
the electric field. The results on PMN-PT also show how the chemical disorder
in ferroelectric relaxors provides important entropy changes over the ferroelectric
to paraelectric transition which enables an extended cooling regime as the ECE
maximum can be extended over several tens of degrees.
Direct ECE measurements have therefore been performed on novel relaxor fer-
roelectrics, including perovskite, Aurivillius phase and tungsten bronze structures,
with a focus on lead-free, for environmental purposes, highly disordered materi-
als. For most of these systems, the direct ECE measurement presented here are
the first ever reported. The presence of a dual electrocaloric peak, sometimes far
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above the ferroelectric to paraelectric transition, is confirmed in all the studied
relaxor ferroelectrics. This peak was attributed to the extra contribution to the
field-induced entropy change by the polar nanodomains. The presence of this ex-
tra ECE peak confirms the great potential of relaxor ferroelectrics for solid-state
electrocaloric cooling over a range of temperature broad enough for commercial
applications.
Comparisons between direct and indirect measurements are performed on nu-
merous systems throughout this thesis, in order to identify the domain of validity
of the indirect method still overly used in the literature. It is shown that the indi-
rect ECE method, although it gives satisfactory results for normal ferroelectrics,
is unreliable for strong relaxor ferroelectrics above the ferroelectric to paraelectric
phase transition, where the dual peak is observed by direct measurements. These
limitations are attributed to the inability of the indirect method to account for the
field-induced entropy contribution of the polar nanodomains to the electrocaloric
effect.
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1. Introduction
The United Nations Conference on Environment and Development (UNCED) in
June 1992 lead to a global awareness of the danger of Freon® for the environment.
The term Freon® is a registered trademark and does not refer to one chemical, but
to a group of chlorofluorocarbons (CFCs), which started to be intensively used
in the cooling industry after their discovery in 1928. Its non-toxicity and non-
flammability made Freon® a viable alternative to the hazardous methyl chorides
previously used, and it was not until later that that Freon® was identified as one
of the major causes of deterioration of the ozonosphere.
Freon® was eventually replaced by hydrochlorofluorocarbons (HCFCs), which
did not have such a disastrous effect on the ozone layer depletion. However it was
later found that these HCFCs were super-greenhouse gases, 4500 times more po-
tent than CO2. The greenhouse gases found in the atmosphere, some of which has
increased by more than 150% over the last 250 years, are thought to be responsi-
ble for a significant global warming. Over the 21st century, this climate change is
likely to adversely affect hundreds of millions of people through increased coastal
flooding, reductions in water supplies, increased malnutrition and increased health
impacts. However, despite the long-term environmental consequences, HCFCs are
still widely used in refrigeration devices due to a lack of suitable replacements.
In addition to the threat that current refrigeration techniques represent, the
constant miniaturization in information and communications technology will even-
tually lead to the impossibility of using fan-based technology as cooling systems.
These two trends lead to a growing interest in alternative cooling technologies.
New solid state refrigeration techniques are mainly based on two principles: adi-
abatic demagnetization cooling and adiabatic depolarization cooling. The latter
is called electrocaloric refrigeration. It employs the electrocaloric effect of fer-
roelectric materials. In polar crystals the net dipole moment and, consequently,
the net polarization increase with application of an external electric field. Un-
der adiabatic conditions, the system compensates this alignment of dipoles with
an increase in temperature, in order to keep the overall entropy of the system
constant. This phenomenon is called the electrocaloric effect (ECE). The main
advantage of EC refrigeration over magnetocaloric is that electric fields are eas-
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ier to handle than magnetic fields and electromagnetic refrigeration requires very
high magnetic fields. The challenge is to find a material with a high ECE over
a broad range of temperatures near room temperature. If such a material were
to be found, an environmentally friendly solid-sate refrigeration device could be
developed[1].
The ECE was first observed on Rochelle Salt by Kobeko and Kurtschatov in
1930[2]. Due to the small ECE observed, it was not considered for refrigeration
applications before 1956[3]. The investigation of suitable EC materials intensified
after 1960 but no ECE larger than 2 K was ever observed. The growing interest
in the EC materials was considerably increased when Mischenko et al.[4] claimed
to measure a temperature difference of 12K. However no direct measurements of
such a high ECE were ever performed. The values were only obtained by indirect
measurements of polarization versus electric field.
Karmamenko et al.[5] have shown that a material with an ECE of 2K would
already be enough for commercial applications as, with the right design, it would
provide a refrigeration cycle with an efficiency of 60% of the Carnot cycle, which is
already more that the best of vapour-compression refrigerators unable to achieve
more than 55%[6]. As previously mentioned, such materials have already been
found, however their high ECE were only maintained on a narrow range of tem-
perature (below 5K). For a material to be a viable candidate for solid-state cooling
in a house-hold refrigerator, the high ECE would need to be maintained over the
utilization range of temperature for the refrigerator, which can be approximated
to being between -20°C and 50°C. Such a broad range of working temperature,
around 70K, could not be obtained with normal ferroelectrics, with sharp phase
transitions, which emphasize the importance of relaxor ferroelectric and their dif-
fuse phase transitions.
This project will therefore explore a new approach in the utilization of EC
materials through two major novelties: The direct measurements of the ECE and
the investigation and exploitation of the relaxationnal properties found in relaxor
ferroelectrics. These materials show a significant disorder, which is thought to
contribute to an additional contribution to the electrocaloric effect over a broad
range of temperature. The direct measurement of the ECE will be achieved by
building an in-house modified Differential Scanning Calorimeter (DSC). The direct
ECE values will be compared with indirect ECE estimation from polarization
versus temperature and electric field, in order to identify the domain of validity
of this method.
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2. Literature review
2.1. Ferroelectricity
The majority of studied ECE materials belongs to metal oxide ferroelectrics[7, 8]
or relaxor ferroelectrics[4, 9–12].
2.1.1. Ferroelectric materials
Ferroelectric materials exhibit a spontaneous electric polarization that can be
reversed in direction under the application of an external electric field.
Ferroelectricity was first discovered in 1921 when Valasek et al.[13] studied
Rochelle Salt. A huge leap in the research on ferroelectric materials came in
the 50’s, with the discovery of barium titanate (BT), which led to its use in
capacitor applications and piezoelectric transducer devices. Since then, many
other ferroelectric ceramics have been developed, including perovkites such as lead
titanate (PT) or more complex structures such as Aurivillius phases or tungsten
bronzes.
Ferroelectric materials are polar crystals, in order to understand the origin of
ferroelectricity, we must understand the differences between the 32 crystal sym-
metry classes. Amongst the 32 crystal classes, 11 cannot show ferroelectricity
because they are centrosymmetric[14]. Under the application of an electric field,
these materials are polarized linearly, exhibiting a dielectric polarization. The 21
remaining crystal classes are piezoelectric crystals (with the exception of one),
which means that the application of a mechanical strain causes an electric current
to flow in a certain direction through these materials. Of the 20 piezoelectric
classes, 10 have a single polar axis per unit cell and therefore are spontaneously
polarized[14], which is temperature dependent: These materials are called pyro-
electrics.
Furthermore, if the dipoles causing the spontaneous polarization can be re-
versed in direction under an applied external electric field, yielding a hysteresis
loop, these materials are called ferroelectrics. The occurrence of the ferroelectric
hysteresis loop, which can be seen in Fig. 2.1(a) is a consequence of the energy
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barrier when switching from one polarization direction to another (domain-wall
switching) in ferroelectric materials. Regions of similar polarization orientations
in a ferroelectric material are called ferroelectric domains. These domains are
separated by domain walls. The application of an electric field to a ferroelectric
material leads to the growth of the domains in which the polarization orientation
is parallel to the direction of application of the electric field. The growth of the
domains is accompanied by a domain wall movement. The spontaneous polariza-
tion of a ferroelectric material is called the remanent polarization (Pr), the electric
field required to decrease the polarization to zero is called the coercive field (EC),
and the saturation polarization is denoted as Ps, as shown in Fig. 2.1(a).
Figure 2.1.: (a): Typical P-E hysteresis loop for a ferroelectric material below TC,
(b): Evolution of the polarization of a ferroelectric material versus
temperature[15]
Being pyroelectrics, these materials demonstrate ferroelectricity only below a
certain phase transition temperature, called the Curie temperature (TC), and
are paraelectric above this temperature. When cooling through TC, ferroelectric
materials undergo a first- or second-order phase transition with significant changes
in structure and properties. As shown in Fig. 2.1(b), the polarization (P) vanishes
above TC. The vanishing of P at TC is continuous for a second-order phase
transition and discontinuous for a first-order transition[15].
The dielectric constant also decreases above TC and exhibits a sharp and narrow
peak at TC when the transition is first-order. The temperature dependence of
the dielectric constant above the Curie point (T>TC) in ferroelectric crystals is
governed by the Curie-Weiss law:
ε = ε0 +
C
T − TC , (2.1)
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where C is the Curie constant and ε0 is the vacuum permittivity.
2.1.2. Relaxor ferroelectrics
Relaxor ferroelectrics result from the chemical substitution of ions of different
valencies than the host ions inside the matrix of ferroelectric materials. These
chemical substitutions introduce random lattice disorder resulting in the break up
of the ferroelectric domains into significantly smaller polar nano-regions (PNRs)
whose size is determined by the temperature-dependent correlation length rc[15].
For diluted substituted systems, these polar entities behave independently, each
region possessing the same relaxation time. With increasing substitution, do-
mains with distributions of relaxation times are formed leading to a relaxational
behaviour[15, 16].
Figure 2.2.: (a): Typical P-E hysteresis loop for a relaxor ferroelectric below TC,
(b): Evolution of the polarization of a relaxor ferroelectric versus
temperature[15]
The relaxational behaviour of the material significantly changes the proper-
ties of the material from that of a normal ferroelectric. One of the most im-
portant changes, which is commonly used to define relaxor ferroelectrics, is the
broad frequency-dependent peak of the dielectric constant, as opposed to the
very sharp and narrow peak observed for normal ferroelectric. This diffuse phase
transition is commonly attributed to the presence of long-range-order-breaking
nano-regions with compositional fluctuations and different ferroelectric transition
temperatures[15]. In relaxors, the temperature of maximum permittivity (Tm)
shifts to higher temperatures with increasing frequency. As shown in Fig. 2.2(b),
contrary to a normal ferroelectric, the polarization does not vanish above the
transition temperature. The polarization slowly decreases above Tm due to the
presence of nanodomains, which persist well above the transition temperature.
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The polarization versus electric field behaviour of relaxor ferroelectrics also
differ from that of normal ferroelectrics, as shown in Fig. 2.2(a). Contrary to
a normal ferroelectric which exhibits a strong hysteretic behaviour due to the
cooperative behaviour of the macro-sized ferroelectric domain leading to a high
remanent polarization, very narrow hysteresis loops are observed for relaxors[15].
Although it is possible to achieve high saturation polarization with relaxors under
sufficient electric field, the polarization does not persist when the field is removed
due to PNRs, which re-acquire their random orientations.
Figure 2.3.: Typical real part of the permittivity measured as a function of tem-
perature and frequency for a relaxor ferroelectric in (a) ZFC/ZFC,
(b) FH and (c) FC conditions[15].
Real part of the permittivity () measurements are widely used to understand
the different temperature regions observed in relaxor ferroelectric. Fig. 2.3(a)
shows the real part of the permittivity measured for a typical unpoled relaxor as a
function of temperature upon cooling. These conditions are commonly called zero-
field cooling (ZFC). Unpoled relaxors do not show defined dipolar moments at high
temperatures due to the high thermal agitation. Upon cooling below the Burns
temperature (TB), small polar nanodomains or PNRs start forming. The size
and correlation length of these domains increases with decreasing temperature.
Upon cooling below Tm the correlation length of the nanodomains has become
big enough to slow down their fluctuation and form an isotropic relaxor state
with random orientation of the polar domains. A similar behaviour is observed in
zero-field heating (ZFH) conditions. The situation is different when a bias field is
applied to the relaxor (poled sample). Cooling in the presence of a field, commonly
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called field cooling (FC), leads to an increase of the correlation length of the PNRs
and an alignment of the domains. If the domains become large enough, a long
range ferroelectric order is created below the temperature of depolarization (Td),
as seen in Fig. 2.3(c). This temperature corresponds to a field-induced nano-to-
macrodomain transition. The region between Td and Tm (region III) typically
exhibits a strong frequency dispersion due to the dispersive nature if the relaxor
state emerging from the breaking of the macrodomains. Upon field heating (FH)
a fourth temperature region is observed at low temperature, which is not in FC, as
shown in Fig. 2.3(b). Below a temperature called the freezing temperature (Tf),
a dipolar glass state is observed due to the decreased thermal agitation, whic can
no longer unfreeze and align the polar domains.
Several methods can be employed to describe the degree of relaxation or the
strength of a relaxor ferroelectric, such as evaluating the frequency dispersion
of the real part of the permittivity peak ∆Tm, typically taken as the difference
between Tm measured at two different frequencies[17], or the temperature width
∆T90 [18], which correspond to the difference between Tm and the temperature
T90, at which 90% of m was measured on the high temperature side, such as
∆T90−Tm−T90. Another method to characterize the degree of relaxation of a
relaxor-type material is to estimate the exponent γ of the modified Curie-Weiss
Law [19]. In the vicinity of the temperature of maximum permittivity, the per-
mittivity of relaxor ferroelectrics does not follow the Curie-Weiss Law but can
instead be described by the following modified law:
1
ε
− 1
εm
= (T − Tm)γ , (2.2)
where γ−1 for pure ferroelectrics whereas γ approaches 2 for pure relaxors.
Researchers in the electrocaloric field have shown great interest in relaxor fer-
roelectrics because it is believed that the numerous PNRs resulting from the
random lattice disorder introduced by the chemical substitution, could lead to
extra entropy contributions and provide a way to achieve an enhanced ECE[16].
These PNRs responsible for the relaxational behaviour of ferroelectric relaxors are
maintained well above Tm and only completely disappear at TB , which can be
significantly higher (more than 300°C) than Tm in strong ferroelectric relaxors.
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2.2. The electrocaloric effect
2.2.1. History of the electrocaloric effect
The electrocaloric (EC) effect was first observed on single crystals of Rochelle
Salt by Kobeko and Kurtschatov in 1930[2]. It was also observed on potassium
dihydrogen phosphate (KDP) in 1950[20] but, due to small ECE values, it was not
considered for refrigeration applications before 1956[3].Research intensified in the
1960s and 1970s but was eventually abandoned due to a lack of significant ECE
measured (under 1K). The interest for the ECE was renewed in the 2000s, espe-
cially after Mischenko et al. reported measurements of a so-called giant ECE of
12K on PZT thin films[4]. Several comparable reports on oxide and polymer thin
films followed. However no direct measurements of such values were ever reported.
The ECE values were estimated by a indirect method utilizing polarization ver-
sus electric field and temperature measurements, which will be described later.
Alongside the intensification of the use of indirect measurements[4, 21, 22], the
2000s saw the emergence of a few direct measurement systems[8, 10–12, 23–26].
2.2.2. Phenomenological and thermodynamic description of the
electrocaloric effect
In polar crystals the net dipole moment and, consequently, the net polarization
increase with application of an external electric field. Under adiabatic conditions,
the system compensates this alignment of dipoles with an increase in temperature,
in order to keep the overall entropy of the system constant. This phenomenon is
called the electrocaloric effect (ECE)[6]. The ECE is reversible so that when the
electric field is removed the temperature of the systems drops back down to the
original temperature. Several notations can be used for the electrocaloric effect
but through out this thesis the ECE will refer to the EC temperature change
(∆TEC), while ∆TEC/∆E, which corresponds to the ECE normalized to the ap-
plied electric field difference (∆E), will be referred to as the ECE responsivity.
A general theory of the ECE has not been developed yet. Instead the ECE
is described through phenomenological and thermodynamic formulations. The
entropy (S) change induced by the applied electric field (E) can be expressed as a
function of the polarization (P) change with temperature (T) with the following
Maxwell relation[27]:
(
∂P
∂T
)
E
=
(
∂S
∂E
)
T
, (2.3)
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since
CEdT = TdS, (2.4)
where CE is the heat capacity per mass, such as C=d ·Cp where d is the density
and Cp is the heat capacity per volume , then the following expression can be
obtained :
dT = T
dCp
(
∂P
∂T
)
E
dE, (2.5)
The ECE under an applied electric field difference ∆E=E2−E1 can then be
obtained by integration of the pyroelectric coefficient (∂P∂T )E over electric field:
∆TEC =
∫ E2
E1
T
dCp
(
∂P
∂T
)
E
dE, (2.6)
This expression is well known as it is the base of the indirect ECE method,
which will be discussed later. For small values of ∆E we have:
∆TEC =
T
dCp
(
∂P
∂T
)
E
∆E, (2.7)
By using the following Curie Weiss law, which can be used as the equation of
state for paraelectrics, we can obtain an expression of ∆TEC as a function of ∆E
or ∆P[6]:
P = 0CE(T − TC) (2.8)
∆TEC =
0CT
2dCp(T − TC)2 ∆E
2 = T20CdCp(T − TC)2 ∆P
2, (2.9)
These phenomenological expressions allow the identification of some of the prop-
erties required for a good candidate for electrocaloric cooling. As ∆TEC is in-
versely proportional to (T−TC)2, the ECE will be maximised in the vicinity of
TC. Hence, one of the properties required for solid-state electrocaloric cooling
25
Chapter 2. Literature review
will be to have a transition temperature near room temperature. Furthermore,
as ∆TEC is proportional to ∆E2, materials with high dielectric strength will need
to be considered as they can withstand the electric fields necessary to maximize
∆TEC.
Figure 2.4.: Comparison between measured and calculated effect for PZN-08PT
over applied electric field[10]
In addition to the general thermodynamic description several models were de-
veloped over the last decade to describe the behaviour of the ECE in some par-
ticular materials. In 2006, Dunne et al.[28] published a microscopic theory of the
electrocaloric effect in potassium dihydrogen phosphate (KDP), based on Slater’s
lattice model. They obtained the expression of the entropy variation as a func-
tion of the electric field, which they used to estimate the ECE in the paraelectric
phase, assuming reversible and adiabatic conditions. They compared their esti-
mations to the experimental data from Wiseman et al.[29] and they obtained a
very satisfactory fit, which reproduced the essential features of the behaviour of
KDP in the paraelectric phase. Although the model was not applicable below TC
in the ferroelectric phase, their main conclusion was that the phenomenological
approach used in many indirect ECE measurements was not entirely reliable due
to the presence of two contributions to the amplitude of the polarization: domain
growth and dipole alignment. Therefore the ECE must be evaluated in the mon-
odomain region (saturated polarization) where entropy change is only caused by
dipole alignment.
Valant et al.[10] recently proposed a macroscopic model to describe the ferro-
electric phase transition of a 0.92PbZn1/3Nb2/3O3-0.08PbTiO3 (PZN-08PT) single
crystal based on a lattice model of the ferroelectric phase transition treated by
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Figure 2.5.: (a):Direct ECE measurement performed on PZN-08PT for different
electric fields (b): Predicted ECE of PZN-08PT using based on a
lattice model of the ferroelectric transition treated by mean-field the-
ory[10]
mean-field theory. Their direct ECE measurements of a PZN-08PT single crystal
were conducted in the University of Oulo (Finland) with an in-house built calori-
metric bomb, by applying different electric field across the ferroelectric phase
transition. As shown in Fig. 2.4, the match between their theoretical model and
the experimental ECE versus electric field is very satisfactory. Also, it can be
seen in Fig. 2.5(b) that the theoretical model confirms the fact that the ECE
is the strongest just above the transition temperature. Furthermore, the model
suggested the existence of an additional contributing mechanism at temperatures
above the ferroelectric transition, which is yet to be identified.
2.3. Measurement of the electrocaloric effect (ECE)
2.3.1. Indirect measurement
The ∆TEC at a temperature Tn can be estimated by indirect measurement from
the following equation[27], where C and d are the heat capacity and density of
the material at Tn, respectively:
∆TEC =
∫ E2
E1
Tn
dCp
(
∂P
∂T
)
E
dE, (2.10)
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assuming the following Maxwell relation[27]:
(
∂P
∂T
)
E
=
(
∂S
∂E
)
T
, (2.11)
The polarization versus electric field (P-E) loops are measured at several tem-
peratures. The slope (∂P∂T )E is then obtained at a temperature Tn for each electric
field values either by derivation of an assumed polynomial fit of the polarization
versus temperature[4] or by small linear increments using the following expres-
sion[30]:
(∂P
∂T
)E = (1/2) ∗ (
Pn − Pn−1
Tn − Tn−1 −
Pn+1 − Pn
Tn+1 − Tn ). (2.12)
,
(∂P∂T )E is then integrated over electric field between set values of E1 and E2 to
obtain the indirect ∆TEC.
This method has been intensively used by numerous research groups, especially
on thin films, on which direct calorimetric measurements remain difficult due to
very small amount of volume of material available.
However the validity of this method is still in doubt for several reasons:
• The main limitation of the indirect method comes from the domain of valid-
ity of the Maxwell equation itself. This equation is not valid for non-ergodic
system, such as the polar glass systems observed in ferroelectric relaxors un-
der the freezing temperature. Due to the very low relaxation times observed
in these systems, leading to measurement dependent results, no reproducibil-
ity can be obtained. Comparison between direct and indirect measurements
were performed by Lu et al[31] on ferroelectric relaxor polymers and showed
strong discrepancies both in trend and absolute values.
• In a multidomain system, the domain growth and domain wall movement
reduce the entropy available for the dipole alignment responsible for the
ECE[28]. The validity of the indirect method is then limited to monodomain
systems, which can be achieved by choosing a value E1 high enough to be
working in a system of quasi-saturated polarization.
• Assuming that the indirect ECE measured on thin films is representative of
the intrinsic ECE of the material is assuming that the strain applied by the
28
2.3. Measurement of the electrocaloric effect
substrate on the film has no influence on the electromechanical properties,
which is hardly possible, especially on the known ECE materials with high
piezoelectric properties such as PZN or PMN-PT. In 2008, Akcay et al.[32]
performed a thermodynamic analysis of the ECE in BaTiO3 thin films and
showed that not only the magnitude of the ECE but also the temperature
of the maximum ECE, siginficantly depended on the misfit strains applied
on the thin film by its substrate.
The lack of faith in this indirect measurement method has lead to the develop-
ment of several direct ECE measurement system.
2.3.2. Direct measurement
Differential scanning calorimeter
One popular direct measurement method is the modification of a differential scan-
ning calorimeter to allow electric field application to the sample[7, 11, 30]. A de-
tailed description of such a system will be given in the experimental section but
the main problem usually encountered is to decrease the signal to noise ratio inside
the DSC chamber and to evaluate and account for the amount of heat loss through
the wires[11, 30]. In 2006 Sebald et al. performed direct ECE measurements on
PMN-25PT ceramics and single crystals[11, 33] using such a modified-Differential
Scanning Calorimeter (DSC). Their system is very similar to the set-up developed
for this project. In their experimental setup, the ECE is measured in the DSC
chamber while the electric field is applied with wires connected to the sample.
They obtained two DSC peaks, one endothermic and one exothermic, with very
similar values, which confirmed the reversible character of the ECE. Such a mea-
surement set-up had already been used by Lin et al. in 2005, who performed la-
tent heat studies on the electric field induced phase transition of Ba0.73Sr0.27TiO3
(BST)[34].
Non-contact methods
Several groups have started to use non-contact direct measurement method using
a thermal imaging camera to obtain infra-red images of the sample[12, 35]. This
method is less time consuming than the modified-DSC method as there is no
need to wait to thermal equilibrium after application of the field to obtain the
ECE value. Furthermore, a recent comparison of the two methods showed that it
gives very similar results to the ECE values obtained with the modified DSC[35].
However its noise level does not allow an error smaller than 0.1°C.
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Direct temperature reading
All other direct measurements are performed with thermocouples are thermistors
directly attached to the samples with numerous in-house built customized sample
holders[8, 25, 26]. Before the 21st century, most direct EC measurements were per-
formed with such measurement systems[9, 23, 27, 36]. As early as in 1968 Thacher
et al. performed direct ECE measurements on PZT ceramic[27] by direct tempera-
ture reading. The measurements were performed with a Chromel-Alumel thermo-
couple inserted into a hole drilled in the sample, while a high voltage was applied
through nickel wires attached to silver electrodes sprayed on the ceramic sample.
In 2006 Shebanovs et al.[23] measured a ∆TEC of 2.4 K on PbSc1/2Ta1/2O3 (PST)
multilayer capacitor (MLC) by placing a thermocouple, sandwiched between two
layers of PST and into an adiabatic calorimeter. Kar-Narayan et al. have re-
cently performed direct EC measurements on doped-BaTiO3 multilayer capacitor
(MLC)[8]. Their experimental direct EC analysis consisted of a MLC, on which
they attached a thermometer for the direct measurements, mounted on a bespoke
variable-temperature copper block with a reference thermometer.
2.4. Properties required for electrocaloric cooling
2.4.1. Relaxor ferroelectrics
As previously mentioned, the chemical substitutions in ferroelectric relaxors lead
to the formation of PNRs, which are thought to bring an extra entropy contribu-
tion and therefore an ECE enhancement. It was also mentioned that PNRs are
responsible for the relaxational behaviour of relaxor ferroelectrics and are main-
tained well above Tm and only completely disappear above TB , which can be
significantly higher (more than 300°C) than Tm in strong ferroelectric relaxors.
In normal ferroelectrics the ECE is maximum just above Td, which coincides
with TC, as shown in Fig. 2.6(a). The same trend is oberved for relaxor ferro-
electric under applied electric field of small intensities. However, Dunne et al.[37]
have recently predicted the formation of a second peak at higher temperature in
relaxor ferroelectrics submitted to strong electric field by using an exactly treated
one-dimensional statistical mechanical lattice model of a two-component system
comprising PNRs forming in a neutral background. As shown in Fig. 2.6(b), this
high temperature peak increases in intensity and broadens under stronger electric
field, so that, above a threshold electric field value, an enhanced ECE is observed
over a very broad range of temperature, due to the merging of the two peaks.
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Figure 2.6.: Evolution of the ECE as a function of temperature for ferroelectrics
with the first order phase transition (a) and the relaxors (b)[6].
The first ECE measurements performed on strong relaxor ferroelectric such as
PMN[26]or PMN-10PT[23, 24] seem to confirm the presence of a very broad tem-
perature range above the transition temperature with strong ECE. Shebanovs
et al.[23] and Hagberg et al.[24] have even observed the formation of the high
temperature peak and reported its increase in intensity and broadening under
stronger electric field values by direct ECE measurements on PMN-10PT. This
means than not only relaxor ferroelectrics could show an enhanced ECE but it
could be found on a very broad temperature range.
2.4.2. Transititon temperature near room temperature
As the aim of ECE research is the development of a solid-state refrigeration device,
the transition temperature, where the highest ECE response is usually observed,
must be between -20 °C and 40 °C, which is the temperature of operation of
standard household refrigeration devices. If the phase transition temperature of
the studied material is not around room temperature then it needs be tuned by
different doping or substitutions.
2.4.3. High dielectric strength
Recent reviews of the current status in the ECE research by Valant[6, 38], sug-
gested that although so called giant electrocaloric effects are obtained in thin films
due to the colossal values of applied electric fields, bulk materials remain the only
viable candidates for the majority of solid-state cooling applications due to the
necessity for sufficient cooling power.
Valant et al. also showed that although larger ∆TEC are found in thin films, the
ECE responsivity (electric field normalized ECE) is much larger in bulk ceramics
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Figure 2.7.: (a) ECE and (b) ECE responsivity as a function of an applied field
for ten of the best-performing materials by type of material system
: circles are bulk (ceramics/single crystals), triangles are oxide thin
films and squares are polymer films. The stars show the mean value
for each type of material system[38].
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and single crystals[38], as shown in Fig. 2.7(b). However the amount of electric
field applicable to bulk materials is not only limited by the thickness but also by
the amount of electric field that they can withstand: the dielectric strength. The
dielectric strength of bulk ceramics and single crystals is much smaller than that
of thin films but increasing it would allow to obtain much stronger ECE.
The dielectric strength depends on many extrinsic parameters such as the poros-
ity, the size of the pores and the size of the grains, but it can also be influenced by
external factors such as the geometry of the electrodes, the frequency of ramp rate
of applied voltage or even the moisture adsorption. The best way to maximize
it for a given material, is to optimize the solid state route in order to obtain the
highest density possible. In 1959, Gerson and Marshalls[39] predicted the influ-
ence of porosity on dielectric strength in PZT ceramics. They assumed that the
volume of the ceramic was divided in cubes of equal size, some of them being the
ceramic and the other ones being the pores (voids), and assumed that each pores
had a dielectric strength equal to zero. The material was then divided in column
and they predicted the occurrence of electric breakdown by calculating the proba-
bility for a column to have a maximum of pores and assuming that the breakdown
would occur along the path with a maximum of pores. The results were in good
agreement with experimental data showing that the dielectric strength decreased
with the increasing porosity and pore size. The dielectric strength was also found
to decrease with increasing thickness and sample surface area.
2.4.4. Lead-free
Searching for materials that are lead-free as replacement for more traditional
green-house gases in the refrigeration industry is obvious for environmental rea-
sons due to the toxicity of lead, but lead-free oxides have yet another advantage
over lead-containing ones: They do not contain any lead oxide PbO. Lead oxide is
found in small quantities insisde lead-containing systems and is responsible for a
significant decrease of the dielectric strength in this material compared with their
lead-free counterparts. For example the dielectric strength of BT (180 kV/cm)[40]
is twice as much as that of PZT (90kV/cm)[39].
2.4.5. Morphotropic phase boundary
Another benefit of working with ferroelectric relaxors is that some of them allow
the formation of morphotropic phase boundaries (MPB) with other relaxors or
ferroelectrics. A morphotropic phase boundary is an area of the temperature-
composition (T-x) phase diagram where the crystal structure abruptly changes
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from one phase to another due to changes in composition. It usually involves the
formation of intermediate lower symmetry phases (monoclinic) and field-induced
polarization rotations. In recent years the term MPB has been mostly used to de-
scribe the phase transition from tetragonal symmetry to rhombohedral symmetry
in ferroelectrics[41]. What makes these morphotropic phase boundaries so interest-
ing is that they usually show enhanced electromechanical properties. For instance
the piezoelectric coefficient around their morphotropic phase boundary of PZT
and PMN-PT, which are two of the most studied piezoelectric systems, increase
to 750pm/V[42] and 700pm/V[43], respectively, compared with 2pm/V for quartz.
It has been reported that these properties could be a result of the field-induced
polarization rotations, along with the resulting unit cell deformation[44]. A recent
report by Kutnjak et al. [45] on the electric field-temperature-composition (E-
T-x) phase diagram of PMN-PT showed the existence of a critical point, similar
to the one found in a liquid-vapour phase diagram, where the energy required
for the field-induced polarization rotations is significantly decreased. They also
showed that, as the composition gets closer to the morphotropic phase boundary,
the critical point moves towards lower electric fields values, which would explain
the enhanced electromechanical response in this area. The same group [46] re-
cently showed by mean-field calculation that the ECE responsivity (electric field
normalized ∆TEC) was maximized at the critical point, which is why materials
with MPB will be investigated in this thesis.
2.4.6. Strongly anisotropic properties
In an anisotropic material, the ferroelectric properties depend on the direction of
the applied field. Physically, the internal dipoles are constrained to lie in par-
ticular directions with respect to the polar direction of the studied material and
not necessarily in the direction of the field, which is why the polarization is an
anisotropic property. Because the polarisation in the anisotropic crystal depends
on the direction of the electric field, the ECE will necessarily be anisotropic, i.e.
different along different crystallographic directions. To date there is still little in-
formation on the influence of the crystal anisotropy on the ECE but if the ECE was
found to be strongly anisotropic, then bulk materials with enhanced ECE could
be produced by making the most of the anisotropic features of oriented struc-
tures, such as grain-oriented ceramics. Grain-oriented ceramics with enhanced
ECE would be of commercial interest as they are much cheaper to produce in
large scale than costly single crystals. Several methods can be used to obtain
grain-oriented ceramic, such as templated grain growth[47] or hot-forging[48].
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2.5. Potential candidates for electrocaloric cooling
2.5.1. Lead-containing perovskites
Perovskites are oxides with the chemical formula ABO3. The structure of a cubic
ABO3 unit cell consists of a Aa+ cation (a varies from 1 to 3) in the centre of
the unit cell and Bb+ cations (b varies from 3 to 6) at each of the eight corners.
Each Bb+ cation is in the centre of an oxygen O2– ions octahedron. In cubic
perovskites the lattice is non-polar because the geometric centres of Aa+, Bb+
and O2– coincide. Cooling the perovskite through the paraelectric to ferroelec-
tric phase transitions causes structural changes in the unit cell which leads to
a displacement of the Aa+ and Bb+ ions with regard to the O2– ions, giving a
net polarity to the lattice, as shown in Fig. 2.8. Typically the ferroelectric phase
found just below TC is tetragonal.
Figure 2.8.: A tetragonal ABO3 perovskite-type unit cell with a network of corner
sharing octahedra of O2– ions. The green ion is Aa+, the blue ions
are Bb+ and the red ions are O2–. The arrows indicate the direction
of the spontaneous polarization due to the displacement of the Aa+
and Bb+ ions with regard to the O2– ions
PbZrxTi(1−x)O3 (PZT) and (1-x)PbMg1/3Nb2/3O3-(x)PbTiO3 (PMN-PT) and
(1-x)PbZn1/3Nb2/3O3-(x)PbTiO3 (PZN-PT) systems have been intensively stud-
ied due to their high piezoelectric properties. Their enhanced piezoresponse comes
from the ability of PbTiO3 (PT) to form morphtropic phase boundaries with,
PbZrO3 (PZ), PbMg1/3Nb2/3O3 (PMN) and PbZn1/3Nb2/3O3 (PZN) respectively.
As previously mentioned, the field-induced polarization rotations observed around
the morphotropic phase boundary are thought to be the major reason for the en-
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hanced electromechanical coupling[44, 45]. The knowledge of the different lower
symmetry phases formed in these systems around the MPB has significantly in-
creased over the last decade and several temperature-composition (T-x) and elec-
tric field-temperature-composition (E-T-x) phase diagrams are now available for
these systems. Fig. 2.9 shows the zero-field (T-x) phase diagram proposed by
Noheda et al. [49] for PMN-PT ceramics in the vicinity of the MPB. Typically
PMN-PT is rhombohedral for low PT content and becomes tetragonal for higher
PT content after going through an intermediate monoclinic C phase.
Figure 2.9.: Zero-field (T-x) phase diagram for PMN-PT in the vicinity of the
MPB[49].
Several low symmetry monoclinic phases can be found around the MPB on the
different phase diagrams available for PMN-xPT. Contrary to the rhombohedral
(R), orthorhombic (O) and tetragonal (T) phases, the polar direction of these
monoclinic phases is not fixed along the high symmetry polar axes of the unit cell
: <111>, <110>, <001>, respectively. In these monoclinic phases, the polar
vector is constrained to one mirror plane but it is free to move within it[50]. There
are three types of monoclinic phases, which correspond to three different mirror
planes. The polar vector of the monoclinic C (MC) phase is constrained within
the {010 } mirror plane, it is hence allowed to rotate anywhere between the O and
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T directions. In the monoclinic A (MA) phase the mirror plane is {1 − 1 0}, its
polar vector can therefore freely rotate between the R and T direction. The last
monoclinic phase is the monoclinic B (MB) phase, for which the polar vector can
rotate between the R and O directions [50]. The possible rotation paths for the
polar vectors of MC and MA are given in Fig. 2.10. However, although the polar
vector is free to rotate between the T and O directions in MC, x-ray diffraction
studies of PMN-xPT with 0.32 ≥ x ≥ 0.35[49], showed that in the case of the MC
found at room temperature for these materials, the polar direction only slightly
diverged from <110> (between 3°and 8°). As the polar direction of this MC
phase is very close to that of the orthorhombic phase and it is often referred to
as pseudo-orthorhombic.
Figure 2.10.: Possible rotation paths for the polar vectors of MC and MA.
The (T-x) phase diagram for PMN-PT ceramics is now well-known and ac-
cepted by the scientific community. However, the situation is quite different in
the case of single crystals, especially under an applied electric field. The proper-
ties of PMN-PT are highly anisotropic around the phase transitions, which leads
to the formation of numerous different low-symmetry phases depending on the
direction of application of the electric field. The (E-T-x) phase diagram is hence
significantly different for each crystallographic orientation.
For instance, Fig. 2.11 shows the (T-x) phase diagram proposed by Cao et al.
[52] for a PMN-30PT single crystal with a 1kV/cm electric field applied in two
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Figure 2.11.: (T-x) phase diagram for PMN-PT single crystal in the vicinity of the
MPB with a 1kV/cm electric field applied in the <001> direction
(a) and the <110> direction (b)[51].
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different directions: <001> and <110>. Both phase diagrams show reversible
and irreversible phase transitions, in the case of irreversible phase transitions, once
poled, the system never transforms back to the original phase. In Fig. 2.11 the
phase found in the poled sample is given for the corresponding composition and
temperature, while the phase found in the virgin sample, which means without
any applied electric field, is denoted in brackets. For example, PMN-28PT is
rhombohedral at 300K but it becomes monoclinic A under an electric field applied
in the <001> direction and does not revert back to rhombohedral upon removal
of the electric field. However, similarly to what was mentioned earlier about MC
being a pseudo-orthorhombic phase around room temperature, the polar direction
in the MA phase (and MB) found at 300K is only slightly rotated away from
<111>, so that this phase can be referred to as pseudo-rhombohedral. So even
if the system never reverts back to rhombohedral after the initial poling of the
crystal, the polar direction remains very close to <111>.
Figure 2.12.: Evolution of the position of the phase boundaries of PMN-30PT for
different values of electric field applied in the <001> direction, upon
field cooling (top) and isothermal field increase (bottom)[53].
It can be seen in Fig. 2.11, that the two (T-x) phase diagrams are quite different.
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When the electric field is applied in the <001> direction, PMN-30PT goes from
rhombohedral to monoclinic A (upon poling), then becomes tetragonal when the
temperature is increased, until it becomes cubic at higher temperatures, above the
ferroelectric to paraelectric phase transition. However, when the electric field is
applied in the<110> direction PMN-30PT goes from rhombohedral to monoclinic
B (upon poling), then becomes pseudo-orthorhombic (monoclinic C) when the
temperature is increased, then tetragonal and finally cubic at higher temperatures.
Furthermore the position of this morphotropic phase boundary significantly
depends of the intensity of the applied electric field. Fig. 2.12 shows the evolution
of the position of the phase boundaries of PMN-30PT for different values of the
electric field applied in the <001> direction[53]. It can be seen that, when the
applied electric field is increased the tetragonal phase forms at higher temperatures
and remains stable down to lower temperatures upon cooling.
PMN-PT is interesting for ECE studies for several reasons:
• PMN-PT shows an enhanced electromechanical response around the MPB,
which, according to the latest studies, seems to correspond with a maximum
ECE responsivity[46].
• The so-called giant ECE reported in 2006 by Mischenko et al. were found
on such lead containing perovskites [4, 54].
• PMN-PT is a well studied system, even from an ECE point of view. Its ECE
has been measured by direct and indirect measurement for several compo-
sitions and orientations. Hence, it is the perfect system for benchmarking
our new direct ECE measurement system.
The major setback of working with PMN-PT is the fact that it contains lead,
which makes it environmentally unfriendly and is responsible for its low dielectric
strength. Still, the ECE of lead-containing perovskites have been widely inves-
tigated since the 1960s, mostly through indirect investigation by using Equa-
tion (2.10). Both direct and indirect measurements were sometimes performed
and results were compared. In 1968 Thacher et al. measured the polarization
and ∆TEC versus applied electric field of a PZT ceramic[27]. They concluded that
the agreement between the two methods was satisfactory. The same conclusion
was drawn by Olsen et al. in 1980, when they compared direct and indirect
measurements performed on Sn4+ and Ti4+ doped PZT[36].
Before 2006, the highest ∆TEC ever observed had been measured by Fruith et
al. on a Pb0.99Nb0.02(Zr0.75Sn0.20Ti0.05)O3 ceramic[56]. They measured an ECE
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of 2.6K under an applied electric field of 25 kV/cm, which corresponds to one of
the highest ECE responsivity that has been reported so far of 1.04.10 -6m.K/V.
The same group performed direct ECE measurements on PbSc1/2Ta1/2O3 (PST)
multilayer capacitor (MLC)[23]. A ∆TEC of 2.4 K was measured under an applied
electric field of 138 kV/cm. From their observations on PST, Shebanovs et al.
suggested that the introduction of defects (Pb vacancies) inside of the PST lat-
tice might lead to a higher ECE. Such observations would support the idea that
because of their random lattice disorder introduced by the chemical substitution,
relaxor ferroelectrics could produce a very high EC effect[16].
The growing interest in the ECE materials was considerably increased with the
discovery of a so-called Giant electrocaloric effect when Mischenko et al. reported
the measurement of a ∆TEC of 12K on a PZT(95/05) thin film[4]. They estimated
∆TEC by indirect ECE measurement and, although, they deliberately set the
lower integration limit to the high value of E1= 295 kV/cm in order to avoid the
antiferroelectric regime, which occurs at low electric fields, this method is still in
doubt for several reasons mentioned in Section ??. In addition to the limitations
to the indirect method previously mentioned, Mischenko et al. assumed a constant
heat capacity, found in the literature, over the complete temperature range for
the indirect estimation of ∆TEC. No direct measurement of such a high ECE was
ever performed to validate this result.
Unfortunately, similarly to the work of Mischenko et al., very few direct mea-
surements were performed during the numerous ECE publications that followed.
A summary of significant ECE results found in the literature for lead-containing
perovskites is given in Table 2.1. One important detail to notice is that, in addition
to not having been directly measured, these so-called giant electrocaloric effect
results were all measured on thin films, which allowed the application of a huge
electric field. Such high electric field values could never be applied on bulk ma-
terials due to instrumental limits. Furthermore, If we assume a linear behaviour
of the ECE versus electric field, then the electrocaloric responsivity (normalized
ECE) that would be measured for these materials on a 1mm-thick bulk ceramic
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would be below 1K for most materials tested so far. It is also worth mentioning
that the smallest values of ECE responsivity were found for the systems with
so-called Giant ECE.
Figure 2.13.: (a):Polarization versus electric field measured for a PMN/PT(75/25)
ceramic at different temperatures, (b):Comparison between direct
EC measurements on a PMN/PT(75/25) ceramic and simulated
results obtained from polarization measurements at three different
temperatures [33]
Because they have been so intensively studied, lead-containing perovskites are
perfect test materials to benchmark new direct ECE measurement systems or
answer theoretical questions about the ECE, such as the conditions in which
the indirect measurement method can actually be applied or the link between
ECE and pyroelectric coefficient. In 2006, Sebald et al. performed direct ECE
measurements on PMN-25PT ceramics and single crystals[11, 33] with a modified-
Differential Scanning Calorimeter (DSC). They also measured the polarization
versus electric field for various temperature, which are shown in Fig. 2.13(a), in
order to compare the direct ECE measurements with the values of ∆TEC obtained
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by indirect measurement using Equation (2.10). They performed the direct ECE
measurements close to the ferroelectric to paraelectric phase transition, where it
is known that the ECE effect is the strongest[10]. They found that the direct
ECE measurements, shown in in Fig. 2.13(b), were in very good agreement with
the values obtained by indirect measurements of P-E loop. This result would
tend to suggest that an estimation of ∆TEC through indirect measurements of
polarization versus temperature is possible when used with great caution. Sebald
et al. also studied the pyroelectric coefficient of PMN-25PT ceramics and single
crystals and tried to demonstrate whether or not a high pyroelectric coefficient was
associated to a high EC effect[33]. They found that the pyroelectric coefficient of
PMN/PT(75/25) <111>-single crystal was much higher than that of the ceramic
(12.89 10−2µC/cm2.K and 7.46 10−2µC/cm2.K for <111>-single crystal and
ceramic, respectively). However, although the measured ECE effect was higher
for the <111>-single crystal than the ceramic, the difference was not as significant
as it was for the pyroelectric coefficient.
2.5.2. Lead-free perovskites
The most famous and widely studied lead-free perovskite is barium titanate BaTiO3
(BT). It has a perovskite ABO3 structure with Ba2+ in the A site and Ti4+ in the B
site . BT undergoes a cubic paraelectric to ferroelectric tetragonal phase transition
upon cooling around 130°C. The spontaneous polarization in the tetragonal phase
mostly arises from the displacement of the Ti4+ with regard to the oxygen octahe-
dron. Upon further cooling, BT undergoes a structural phase transition towards
ferroelectric orthorhombic around 5°C and finally becomes ferroelectric rhombo-
hedral below -80°C. Similarly to PMN-PT, the polar direction of the tetragonal,
orthorhombic and rhombohedral phases are <001>,<110> and <111>, respec-
tively. BT is a potential candidate for electrocaloric cooling because it is lead-free,
highly polarisable and and has high dielectric strength. As previously mentioned,
the dielectric strength of BT (180 kV/cm)[40] is twice as much as that of PZT
(90kV/cm)[39].
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Less than 10 reports regarding the electrocaloric effect in bulk BT, single crys-
tals or ceramics, can be found in the literature, which is surprisingly low amount
considering how common it is. In 2009, Qiu et al.[58] studied the influence on the
ECE of the grain size in BT ceramics. They found a strong influence on the ECE
and predicted that enhanced properties could be obtained through optimization
of the grain size in BT nano-ceramics. For instance, they found that the posi-
tion of the maximum ECE was brought to lower temperatures (around 100°C) by
lowering the grain size from 100nm to 15nm. However their work was a purely
theoretical description of the ECE, which was based on a modified Landau De-
vonshire thermodynamic theory. Actual direct ECE measurements were recently
performed by Bai et al. on <001>-BT single crystals using a modified-DSC[59,
60]. They studied the effect of the near-room-temperature structural change from
orthorhombic to tetragonal on the electrocaloric effect. They measured a maxi-
mum ECE of 0.088 J/g under 10kV/cm, but also stated that the latent heat of the
phase transition could produce an additional contribution to the ECE and increase
it to 0.64 J/g[60]. In another report[59], they measured the ECE of <001>-BT
near the ferroelectric to paralectric phase transition and found an entropy change
of almost 1.6 J/Kg.K under 10kVcm. The results from this study were compared
with indirect measurement and a good agreement was found, in both trend and
amplitude. The ECE in BT thick [8, 61] and thin [32, 62–64] films has attracted
much more attention from the scientific community. Kar-Narayan et al. have
recently performed direct EC measurements on doped-BT multilayer capacitor
(MLC)[8]. Although they only measured a small ∆TEC of 0.5K, they compared
direct and indirect measurements (from P-E loops) and were able to conclude
on a good agreement between the two methods. Furthermore, the same group
studied the cooling power of different materials with the MLC geometry[65], and
concluded that a MLC would enable a high enough cooling power for commercial
application while overcoming the limitations of bulk materials, such as low dielec-
tric strengths and low thermal conductivities. However, Valant[6] reported that
such a system based on a MLC geometry would require approximately 100000
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MLCs, which would be very costly and therefore non-commercially viable, which
emphasises the need for a bulk material with high ECE. The majority of the
reports on available on BT thin films in the literature are thermodynamic theo-
retical studies[62, 64], including the work of Akcay et al.[32, 63] who showed how
the mismatch strains applied by the substrate to the thin film could change, not
only the magnitude of the ECE but also the temperature of the maximum ECE.
Figure 2.14.: Influence of the isovalent A site substituion by several ions on the
transition temperatures of BaTiO3[66].
Beyond being highly polarisable BT is a potential candidate for electrocaloric
cooling because, as shown in Fig. 2.14, the position of its phase transitions, along
with all its properties, can be significantly modified by isovalent substitution in the
A site. For example the position of the ferroelectric to paralectric phase transition
can be brought down closer to room temperature by substituting Ba2+ by Sr2+.
As previously mentioned, a phase transition around room temperature is one of
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the desired properties for applications in electrocaloric cooling. In 2005, Lin et al.
performed direct ECE measurements using a modified-DSC on Ba0.73Sr0.27TiO3
(BST)[34]. They found a relatively high ECE of more than 0.3 J/g at 25°C under
24kV/cm. Such high ECE around room temperature shows that BST could be
very good candidates for electrocaloric cooling. Furthermore, relaxor-type prop-
erties can be obtained in BT by either aliovalent A- or B-site substitutions or
isovalent B-site substitutions. Horchidan et al.[67] recently showed that a 20% B
site isovalent substitution by Sn4+ in BT could not only decrease the temperature
of the transition down to -20°C but also give it strong relaxor-type features, as
shown in Fig. 2.15. The exponent γ of the modified Curie-Weiss Law, which was
previously introduced as a good indicator of the strength of a relaxor ferroelectric,
was increased from 1 for BT to 1.72 for Sn-doped BT, which is a value character-
istic of a very strong relaxor. As previously mentioned, their polar nano-regions
are expected to give ferroelectric relaxors an enhanced ECE over a broad range
of temperature above Tm. Having a transition temperature down to -20°C com-
bined with very strong relaxor-type features, could lead to Sn-doped BT having
an enhanced ECE around room temperature broad enough to build a solid-state
cooling cycle. However no ECE measurement has ever been performed on this
very promising material, so far. It was therefore chosen for this thesis.
sodium bismuth titanate Na0.5Bi0.5TiO3 (NBT) is another lead-free perovskite,
which has been intensively studied due to its relatively high piezoelectric prop-
erties. NBT is interesting for electrocaloric applications as it is a strong relaxor,
with an exponent of the modfied Curie Weiss Law γ estimated to be around
1.5[68]. NBT is rhombohedral at room temperature and undergoes phase transi-
tions to tetragonal and then cubic around 300°C and 540°C, respectively. The Td
of NBT, where a strong increase of ECE is expected, is estimated to be around
185°C, which is quite far from room temperature. However, another reason why
it is worth investigating the electrocaloric properties of NBT is that it forms mor-
photropic phase boundaries with numerous other perovkites, including BaTiO3[68,
69], NaNbO3[70], KNbO3[70],SrTiO3[71, 72],PbTiO3[72], K0.5Bi0.5O3 (KBT)[70],
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Figure 2.15.: Real part of the permittivity measured by Horchidan et al. for dif-
ferent compositions of Sn-doped BaTiO3[67].
which changes the position of its Td. For instance, NBT-06BT has a Td around
100°C[69], while the Td of NBT-20KBT is estimated to be around 150°C[70]. In
2011, Bai et al. reported the first ECE measurement on NBT and NBT-08BT[61].
They performed indirect ECE measurements and found a maximum ∆TEC=0.2K
around 100°C under 40kV/cm. They also reported the second ever observation
of negative ECE, which will be discussed later in Chapter 5. In 2012, Hagberg et
al. performed direct ECE measurements on (0.4)NBT-(0.6-y)ST-(y)PT[73]. NBT-
06ST is a strong relaxor ferroelectric but the addition of PT leads to a transfer
from relaxor type to normal ferroelectric properties so that they measured a very
sharp peak fo ECE versus temperature with a maximum of ∆TEC=1.1K around
220°C for (0.4)NBT-(0.35)ST-(0.25)PT under 20kV/cm. Although, a few ECE
measurements have been reported on NBT-based solid solutions so far, numerous
promising systems, such as NBT-KBT are left to be explored.
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2.5.3. Aurivillius phases
Aurivillius phases, also called bismuth layer structured ferroelectrics (BLSF), are
layered perovskites, which general composition is (Bi2O2)
2+(Am-1BmO3m+1)
2–,
where the perovskite-type layer (Am-1BmO3m+1)
2– is sandwiched between layers
of bismuth oxide (Bi2O2)
2+ [74].
Figure 2.16.: (a) a-c and (b) b-c projections of the crystal structure of SrBi2Ta2O9.
Dashed lines perpendicular to the b and c axes represent glide and
mirror planes, respectively. Ps denotes the ferroelectric spontaneous
polarization.[75].
Due to the presence of the bismuth oxide layer, BLSF have high dielectric
strength, low leakage current and high resistance to fatigue. The space charge
accumulation at the ferroelectric/electrode interface is a major contribution to
fatigue in ferroelectric materials, but the net electrical charge of the bismuth
oxide layer compensates for the space charge accumulation in BLSF, which is
the reason for their strong resistance to fatigue[76].These properties make them
promising candidates to integrate in ECE refrigeration devices based on cycling
of applied electric field.
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Figure 2.17.: Ferroelectric transition temperature of SBNT as a function of the
Tantalum content x[77]
SrBi2Ta2O9 (SBT) (A=Sr, B=Ta and m=2) is a widely studied Aurivillius
phase. It has generated significant interest from the scientific community in the
field of ferroelctric memory due its potential as a fatigue-free capacitor[76]. It has
an A21am orthorhombic symmetry with a spontaneous polarization in the a-b
plane. As shown in Fig. 2.16, the spontaneous polarization arises from the distor-
tion of the octahedral TaO6 in the perovskite layer and from the atomic displace-
ment along the a-axis from the corresponding positions in the parent I/4mmm
tetragonal phase (paraelectric)[75] . The B-site ion therefore dictates the position
of the ferroelectric to paraelectric phase transition. For instance, Tm for SBT is
310◦C, but it increases when Ta5+ is substituted by Nb5+ and it reaches 420◦C
for SrBi2Nb2O9, as shown in Fig. 2.17. In addition to the shift in Tm, SBNT also
shows a more diffuse relaxor-type transition than SBT, but the diffuseness that
is observed is probably not only caused by fluctuations of chemical composition
as in traditional relaxors, but also by inner electrical fields and tensions by the
Nb/Ta disorder[78]. The aliovalent displacement of the Bi3+ ions in the A site
and the Sr2+ ions in the Bi3+ site is also thought to contribute to the broadening
of the phase transition. Contrary to the Sr2+ ions, once on the A site the Bi3+
ions can easily go off-center therefore leading to creation of local polarizations
and the formation of PNRs. Furthermore, the cations redistribution leaves point
charges on both A and B sites, which leads to the formation of local electric fields
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responsible for the breaking of the long-range ferroelectric order. This contribu-
tion to the relaxor-type properties can be quite significant as Neutron diffraction
measurements by Hervoches et al.[79] showed that up to 20% of the strontium can
move to the bismuth oxide layer in a m=3 Aurivillius phase. Hence, BLSF are
lead-free materials with relaxor-type transition with significant frequency disper-
sion, which is another proof of their great potential as materials for ECE cooling.
Although, there has not been any direct ECE measurement performed on a bulk
BLSF, indirect ECE measurements have previously been reported on SBT thin
films[22], as well as theoretical calculations[80]. The SBT thin films in Ref. [22]
showed an ECE of 5K by indirect measurements and theoretical ECE values up
to 6K (under 600kV/cm) were found in Ref. [80].
Figure 2.18.: (a):Temperature dependence of the real part of the permittivity of
Sr1-xPrxBi2Ta2O9 polycrystals at 1 kHz, (b):Praseodymium content
dependence of the transition temperature[81]
The main setback with BLSF is that majority of them have transition tempera-
tures too high (above 300◦C) to be considered for ECE cooling. However, signifi-
cant decrease of Tm has been reported in Aurivillius phases when doped with rare
earth elements such as praseodymium[82], as shown in in Fig. 2.18. The Pr3+ ion
was found to substitute Bi3+ in the bismuth oxide layer and to significantly influ-
ence the position and diffuseness of the phase transition by changing the tilting
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angle of the distorted BO6 octahedral. The lone pair electron of the Bi3+ applies
a strong compressive strain on the perovskite layer, which contributes to the dis-
tortion of the BO6 octahedral. When Bi3+ is substituted by an ion without lone
pair electron such as Pr3+, the compressive stress is decreased, which is the main
cause of the decrease of Tm in Pr-doped SBNT[82]. The transition temperature
can also be decreased by substitution of Sr2+ by Ba2+ in the A-site[83].
Figure 2.19.: Comparison between the P-E loops of a SBT ceramic with random
grain orientation (1) and a textured SBT with the electric field ap-
plied along the <110> preferential orentation (2) and along the
direction normal to the preferential orientation (3)[84]
Finally, SBNT has strongly anisotropic ferroelectric properties. This anisotropy
arises from the limited movement of the BO6 octahedra caused by the compressive
stress of the bismuth oxide layer, especially for m=2 BLSF, which show proper-
ties almost completely restricted to the a-b plane (quasi two-dimensional)[85]. In
order to investigate this anisotropy, Amorin et al. measured P-E hysteresis loops
for a textured SBT in different crystallographic direction, shown in Fig. 2.19[84].
They found that the remanent and saturation polarization are enhanced when the
electrical field is applied along the <110> crystallographic direction. In Fig. 2.19,
it can clearly be seen that the highly anisotropic properties give different P-E
loops once the grain are oriented. Such findings mean that if a grain oriented
ceramic is obtained, a higher saturated polarization can be achieved with a lower
applied electric field, as it would be with an epitaxial thin film. This material
engineering could therefore provide a bulk structure with many of the advantages
of an oriented thin film.
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2.5.4. Tungsten Bronzes
SrxBa1-xNb2O6 (SBN) is a relaxor ferroelectric with a strong spontaneous polar-
ization along the c-axis of its tetragonal unfilled tungsten-bronze (TB) structure
(space group P4bm).
Figure 2.20.: The tungsten-bronze type structure projected to the (001) plane.
The site occupancy formula of tungsten bronze materials can be written as
(Al)2(A2)4(C)4(Bl)2(B2)8030[93, 94]. The SBN structure is built up of two types
of crystallographically independent corner-sharing NbO6 octahedra. The arrange-
ment of these octahedra created three different types of channels along the tetrag-
onal c axis, as shown in Fig. 2.20. The channels with a triangular cross-section
are always empty in SBN. The channel with a square (tetragonal) cross-section
are partially filled with Sr2+ ions, with a 72% occupancy for x between 0.33 and
0.83[94]. The pentagonal channels are partially occupied with Sr2+ and Ba2+ ions,
with different occupancies depending on the composition. Polarization arises from
the off-centering displacement of the B-sites cations, while the relaxor-like proper-
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ties are caused by the A-site disorder[85]. The inhomogeneous distribution of Sr2+
and Ba2+ ions and the resulting vacancies in the pentagonal channels (A2) of the
crystal lattice, causes some structural disorder and is responsible for the relaxor-
like properties of SBN[95], so that SBN with x<0.5 are normal ferroelectrics and
SBN with x>0.5 show relaxor-like properties. The strength of the relaxation in
SBN then increases with strontium content. The position and frequency depen-
dence of the diffuse phase transition of SBN, along with its other ferroelectric
properties (permittivity, remanent and saturation polarizations,..), can hence be
tuned by varying the Sr/Ba content as shown in Fig. 2.21.
Figure 2.21.: Dielectric susceptibility of SBN as a function of temperature, fre-
quency and Sr/Ba content[96].
SBN has a great potential for ECE applications for many reasons. As shown
in Table 2.3, SBN(50/50) single crystal exhibits one of the highest known pyro-
electric coefficient (5.50 10 -2µC/cm2.K). The macroscopic properties of SBN are
highly anisotropic, with the strongest dielectric and pyroelectric response along
the <001> direction, which makes it a very suitable candidate for EC anisotropy
studies. As single crystals are expensive, a good way to the study the anisotropy
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of the properties of bulk SBN is to produce grain-oriented ceramics. The de-
gree of orientation in the grain-oriented structure can be determined with a tool
commonly used in these situations called the Lotgering factor F defined by the
following expression[97]:
F = p− p01− p0 , (2.13)
where p ans p0, correspond to the ratio between the sum of the intensities of
the (00l) peaks and the sum of the intensities of all the peaks in the grain-oriented
ceramic and in the calcined powder, respectively, so that
p =
∑(00l)∑(hkl) , (2.14)
Several methods can be employed to obtain textured or grain-oriented ceramics.
In 2000, Duran et al.[47] produced textured Sr0.53Ba0.47Nb2O6 (SBN(53/47)) by
templated grain growth. They used some highly anisotropic KSr2Nb2O15 (KSN)
crystals, with an aspect ratio of more than 13, which they mixed to a slurry of
powder and an organic binder. They then performed tape casting on the pow-
der slurry in order to obtain sheets of compacted powder containing anisotropic
crystals all align in the same direction, which they could then sinter. During the
sintering, the KSN crystals acted as templates for the grain to grow in a prefer-
ential orientation. They obtained textured SBN(53/47) with a Lotgering factor
of up to 82% in the <001> direction. They found that the textured ceramics
showed a dieletric permittivity up to 12 times larger in the preferential direc-
tion. Fig. 2.22(a) shows that the remanent and saturation polarizations were also
strongly enhanced by texturing the SBN ceramic towards the <001> direction.
In 2005, Venet et al. produced textured Sr0.63Ba0.37Nb2O6 (SBN(63/37)) ce-
ramics by hot forging. They obtained grain-oriented ceramics with a 16% orien-
tation in the <001> direction, which showed permittivity values up to five times
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stronger than in the direction parallel to the pressing direction. The pyroelectric
coefficient was also significantly enhanced in the <001>-textured samples. As
show in Fig. 2.22(b), the pyroelectric coefficient along the <001> direction of a
textured SBN(53/47) ceramic is as high as that of a SBN(50/50) single crystal
when measured at room temperature and it reaches values up to 18 10 -2µC/cm2.K
just above the ferroelectric transition.
Figure 2.22.: (a):Comparison between the P-E loops of a ceramic with random
grain orientation (RD) and a textured SBN along the <001> pref-
erential orientation (R⊥ ) and along the direction normal to the
preferential orientation (R//)[47], (b):Pyroelectric coefficient ver-
sus temperature for two different compositions of textured SBN,
SBN(63/37) and SBN(53/47), along the preferential <001> direc-
tion (⊥ ) and the direction normal to it(//) [48]
It can be expected that this enhancement of directional polarization and pyro-
electricity of the textured SBN ceramics, would also have a strong influence on
the EC effect. However no ECE measurements, direct or indirect, have ever been
performed on tungsten bronze systems.
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Table 2.3.: Pyroelectric coefficients of some of the materials with the highest
known pyroelectric coefficients
Pyroelectric
Material Crystallinity coefficient Reference
(10 -2µC/cm2.K)
Textured SBN(53/47) ceramic 2.9 (RT) [47]
Textured SBN(53/47) ceramic 55.0 (100◦C) [47]
Textured SBN(53/47) ceramic 5.0 (RT) [48]
Textured SBN(53/47) ceramic 18.0 (100◦C) [48]
SBN(73/27) Single crystal 28.0 [98]
SBN(50/50) Single crystal 5.5 [99]
LiNbO3 Single crystal 0.8 [99]
LiTaO3 Single crystal 1.8 [99]
LiTaO3 Single crystal 2.3 [48]
Pb5Ge3O11 Single crystal 1.0 [99]
Pb5Ge3O11 Single crystal 1.1 [48]
Ba2NaNb5O15 Single crystal 1.0 [99]
PVDF polymer 2.7 [99]
Triglycine sulfate Single crystal 2.7 [99]
Triglycine sulfate Single crystal 5.5 [48]
BaTiO3 Single crystal 2.0 [99]
PZT(95/05) Single crystal 2.7 [99]
PMN-PT(70/30) Single crystal 10.9 [100]
PMN-PT(75/25) Single crystal 12.9 [33]
PMN-PT(75/25) ceramic 7.5 [33]
Eu-doped PZT(55/45) ceramic 4.2 [101]
La doped BST PLD Thin Film 7.1 [102]
Y doped BST ceramic 55.0 [103]
Mn doped BST ceramic 20.0 [104]
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3.1. Material preparation
Several characterizations methods were used on each new material in order to
achieve an optimum material synthesis method leading to a single phase ceramic
with high density and homogenous grain size distribution. Such a material allows
the lower leakage currents and lower fatigue necessary for EC applications. The
density of the sintered pellet was always measured by Archimedes method.
The same procedure, which is shown in Fig. 3.1, was always followed when
producing a new ceramic pellet by solid-state synthesis.
Figure 3.1.: Flow chart of the synthesis and characterization techniques used
3.1.1. Differential Thermal Analysis/Thermogravimetric Analysis
To investigate the reaction pathway in the solid state process Thermogravimet-
ric Analysis (TGA) was used in combination with Differential Thermal Analysis
(DTA) with a Netzsch simultaneous thermal analyzer (STA) 449C Jupiter. The
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maximum temperature was 1650◦C and typical heating rate was 5◦C per minute.
Normally, the sample weight was around 100 mg (powder).
DTA measures the difference between the temperature of the sample and that of
a reference while they are being heated at the same rate. It provides information
on thermodynamic changes of materials, such as phase transitions or solid state
reactions, which may be accompanied by a heat absorption (endothermic) or heat
production (exothermic). DTA allows the study of the formation of intermediate
phases during the solid state process, which leads to the presence of different peaks
on the DTA plot.
TG measures the mass variation of a sample over temperature. Solid state
reactions can be accompanied by the release of gas, hence leading to a decrease
in the mass of the sample, which can be measured as a function of temperature
with TGA.
3.1.2. Dilatometry
Dilatometry is used to examine the sintering behaviour of the green body samples.
Dilatometry measurements were performed with a high temperature dilatometer
Nesztch DIL 402C under a controlled temperature/time program. The maximum
temperature is 1650◦C and typical heating rate is 5◦C per minute. The powder
was pressed in a cold uniaxial press at around 100 MPa to make a pellet with a
diameter of 8 mm, 3 mm thickness and 500 mg weight.
Dilatometry is a technique in which the linear thermal expansion or compres-
sion (shrinkage) of a material is measured as a function of temperature. The
measurement of the linear dimensional changes of the green body allows us to
identify the shrinkage of the sample associated with sintering and hence identify
the onset and offset temperatures of sintering and melting temperature. The on-
set of sintering corresponds to the temperature at which the shrinkage starts, this
shrinkage is due to the neck-formation between the particles, which leads to a
decrease of porosity and densification of the material. The driving force of sinter-
ing is the formation of solid-solid interface, which have a lower energy that the
60
3.1. Material preparation
solid-air interfaces inside of the pores. The offset of sintering corresponds to the
temperature at which the densification process stops. As the ceramics are aimed
for isothermal sintering for a minimum time of 4 hrs, it is important to choose a
temperature in between onset and offset to avoid melting.
3.1.3. Particle size analysis
To measure particle size, 0.2 g of the milled calcined powder was suspended in 25
mL of water and ultrasonically disaggregated for 10 minutes. Then the particle
size distribution was measured by laser diffraction of suspension with a Coulter
LS230 Laser granulometer, which covers a particle size range from 0.4 µm to
2000 µm. The thorough milling undertaken provides both a reduced particle size
and increased homogeneous size distribution, which is beneficial for the sintering
process.
3.1.4. X-ray Diffraction
In this project X-ray diffraction (XRD) was performed on a high resolution X-
ray diffractometer (Philips X’Pert Pro) using a Cu source. XRD was used to
determine the phase purity of the calcined powder and the sintered sample within
the XRD detection limit. It also provides information about unit cell parameters
changes when the stoichiometry is changed or when chemical substitution is used.
XRD is one of the main analytical methods used in solid state chemistry and
materials science to characterize crystalline materials. It is based on on diffraction
of collimated X-Rays by certain crystallographic lattices. It is is a non-destructive
analytical technique which provides detailed information about the internal lattice
of crystalline substances, including unit cell dimensions. X-rays are electromag-
netic radiations with wavelengths in the angstrom scale. In an X-ray tube, the
high voltage maintained across the electrodes draws electrons toward a metal
target (the anode). X-rays are produced at the point of impact, and radiate in
all directions. Tubes with copper targets are commonly used because they pro-
duce their strongest characteristic radiation (Kα1) at a wavelength of about 1.5
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angstroms, which is comparable with the typical distance between two crystal
planes.
Crystals are regular planes of atoms, all planes with identical triplets of Miller
indices are parallel to one another and they are equally spaced. Thus each plane in
a set (hkl) may be considered as a separate scattering object. The set is periodic in
the direction perpendicular to the planes and the repeat distance in this direction
is equal to the interplanar distance dhkl. If an incident X-ray beam encounters
a crystal lattice, each scattering object radiates a spherical wave. Although the
spherical waves cancel one another in most directions (destructive interference),
there is, for each set of planes, a direction that forms an angle θhkl with the planes,
along which the interferences are constructive. The incident angle θhkl is given by
Bragg’s Law (Eq.3.1):
2dhklsin(θhkl) = nλ, (3.1)
where dhkl is the the interplanar distance and λ is the wavelength of the beam.
The integer n is known as the order of reflection. Its value is taken as 1 in all
calculations, since orders higher than one can always be represented by first order
reflections from a set of different crystallographic planes with indices that are
multiples of n.
The basic geometry of an X-ray diffractometer involves a source of monochro-
matic radiation and an X-ray detector situated on the circumference of a gradu-
ated circle centered on the powder specimen. Divergent slits, located between the
X-ray source and the specimen and between the specimen and the detector, limit
scattered radiation, reduce background noise, and collimate the radiation. The
detector and specimen holder are mechanically coupled with a goniometer so that
a rotation of the detector through 2θhkl degrees occurs in conjunction with the
rotation of the specimen through θhkl degrees. Because each crystalline material
has a characteristic atomic structure, it diffracts X-rays in a unique characteristic
diffraction pattern. By comparing the diffraction data with a standard database,
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XRD can be used to identify unknown materials. Combined with other tech-
niques, such as Rietveld refinement, more information about the crystal structure
can be obtained.
3.1.5. Scanning Electron Microscopy
In this project, the Scanning Electron Microscope (SEM) secondary electrons
imaging was primarily used on thermally etched samples to evaluate grain sizes
and porosity of sintered samples, while Back-Scattering (BS) and Energy Dis-
persive X-rays (EDX) detectors were used on highly polished samples to identify
the presence of secondary phases under the XRD detection limit. The SEM in-
strument used in this work is a JEOL JSM-840A SEM with an EDX (Energy
Dispersive X-rays) detector combined with INCA software.
SEM is a type of electron microscope capable of producing high-resolution im-
ages of a sample surface. An electron gun produces a beam of electron within
vacuum. The beam is focused down toward the sample by travelling through
electromagnetic fields and lenses. Once the beam hits the surface of the sample,
the interaction of the primary electron beam with the sample produces different
type of emissions, including secondary electron emission, back-scattered electrons
and X-ray. The built-in detectors collect these emissions and convert them into
a signal that is sent to a monitor. The different emissions provide different types
of information about the sample:
Secondary electrons account for the majority of the total electrons released
from the sample surface. Their energies usually fall in the range below 50 eV,
therefore the electrons are readily deflected by a low bias voltage and are easily
and efficiently collected. Furthermore, the low energies of the electrons restrict
their paths in the sample, so the secondary electrons are normally generated within
a few nanometers of the surface. Hence they provide much localized information
of the surface directly related to the surface topography.
Back-scattered electrons result from the interaction between the incident elec-
tron beam interacts and the nucleus of atoms in the sample. The fraction of
63
Chapter 3. Experimental methods
scattered electrons depends on the atomic number. Therefore the back-scattered
electron image provides phase distribution information, as different phases appear
with different contrast.
An Energy Dispersive X-rays (EDX) detector collects the X-ray emitted by the
surface of the sample. If the energy of the incident electron is high enough the
atoms of the surface is ionized, leading to the excitation of electrons of these atoms
to higher energy states. The relaxation of these electrons to lower unoccupied
states leads to the emission of an X-ray characteristic of the surface atoms. The
EDX detector hence provides compositional information of the sample.
3.1.6. Pulsed Laser Deposition
Experimental setup
Thin films were grown during this project in order to characterize the anisotropy
of the dielectric properties, including the ECE, of the considered materials. To
do so, the epitaxial growth of this materials using single crystal substrates cut in
different directions was investigated.
Thin films were grown by Pulsed Laser Deposition (PLD). The PLD chamber is
described if Fig. 3.2, an KrF excimer laser with a wavelength of 248 nm and a in-
tensity of 520 mJ is focused onto a target, producing a plume of ablated materials
perpendicular to the target surface, which forms a thin film of ablated materials
on the substrate. PLD is known to produce high quality films that conserves the
stoichiometry of the ablated target, which makes it the perfect candidate for the
deposition of complex oxide structures investigated in this project. The parame-
ters that influence the quality and thickness of the film are: The temperature of
the substrate, the oxygen pressure inside the chamber, the energy of the laser, the
amount of pulses and frequency used for the deposition, and the post-annealing.
Film thickness measurement
Thickness of the thin films was measured using a Zygo NewView 200 white-light
microscope-based interferometer with the Metropro software, which uses scanning
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Figure 3.2.: Schematics of the PLD vacuum chamber
white light interferometry to image the topography of surfaces in 3D. During the
measurement light from the microscope is split, one portion reflects from the test
surface and another portion reflects from a reference area. Interferences between
the two light wavefronts results in an image of light and dark bands called fringes
that indicate the surface structure of the test surface.
Before each film growth, one corner of the substrates was covered with a solution
of TiO2 in ethanol. The solution was dried in air and constituted a protection
layer on one part of the substrate. After the growth of the thin film, the TiO2
layer was easily removed with acetone, which resulted in a non-deposited area of
the substrate. This area was then used as a reference area by the interferometer
to determine the thickness of the film.
3.2. Properties analysis
3.2.1. Dielectric permittivty measurements
The measurements of the real part of the permittivity were performed with an HP
LCR meter 4263B with zero-field heating/cooling (ZFH/ZFC) on prepoled and
unpoled samples. A 500 mV signal was applied at different frequencies (1kHz,
10kHz and 100kHz). Open and short circuit calibrations were done before the
measurements. The parallel circuit model was used for the calculation of the
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real part of the permittivity. The measurements were performed upon heating at
1°C/min in ambient air. The temperature was measured by K-type thermocouple
positioned close to the sample and attached to Pico Technology data logger (TC-
08).
3.2.2. Polarization measurements
Polarization versus electric field (P-E) loops measurements were performed with a
ferroelectric tester (Radiant LC Precision). The polarization values are obtained
from the measurement of time-integrated currents. The Radiant LC Precision
unit is coupled with a High-Voltage amplification unit (TREK Model 20/20C)
which allows the application of voltages up to 10kV. In general, the ferroelectric
measurements are performed on a ceramic pellets with a thickness around 1 mm,
which therefore allows the application of electric fields up to 100kV/cm. During
the measurement, the ceramic pellet is immersed in a silicon oil bath in order to
avoid electric arcs. This silicon bath is placed inside a thermal chamber (Delta),
which allows the measurement of polarization versus electric field (P-E loops) at
different temperatures (from -196◦C to 310◦C).
In this project, polarization measurements were used to determine the ECE
indirectly and compare the results with ECE values obtained by direct ECE mea-
surements. This comparison allows us to test the validity of the indirect EC
measurements currently used in the literature.
3.2.3. Direct ECE measurements
Direct electrocaloric effect (ECE) measurements were performed using a modified
Differential Scanning Calorimeter (DSC) Netzsch 200 F3. The heat flux mea-
surements were used to evaluate the ECE induced by different electric fields at
different temperatures. The setup was benchmarked by comparing measurements
performed on a modified calorimetric bomb at the University of Oulo in Finland.
The description of the in-house built set-up is given in Section 4.1
66
4. Direct electrocaloric
measurements system
4.1. Design of the modified-Differential Scanning
Calorimeter
Direct ECE measurements were performed using a modified-Differential Scanning
Calorimeter (DSC), which is shown in Fig. 4.1. The DSC used for the set-up is
a DSC Netzsch 200 F3. Using a DSC for direct EC measurements comes with
several advantages, the main one being that a DSC gives very accurate thermal
measurements, down to the milliKelvin.
However, using a DSC comes with a major difficulty due to the small area of its
measuring sensor. The DSC measures the difference between the amount of heat
required to increase the temperature of the sample and the reference as a function
of temperature. To ensure the highest signal/noise ratio, the measurement is
performed inside a small thermally insulated chamber and the sample is placed
in a even smaller (diameter=5 mm) thermally conductive crucible, as shown in
Fig. 4.2(a), which sits on top of the calorimetric sensor. One challenge was to
find a way to insert thin insulated wires inside of the DSC chamber in order to
apply a high voltage to the sample, while avoiding any electrical contact with
the DSC sensor and the DSC chamber itself. This lead to the development of
a miniaturized P-E system that could be inserted inside of the DSC chamber.
Several parameters had to be taken into account in order to develop this P-E
insert.
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Figure 4.1.: Schematic of the modified DSC set-up used for direct EC measure-
ments, composed of a standard DSC chamber with a miniaturized
P-E insert for electric field application
4.1.1. Choice of the crucible
Two properties were required from the crucible used for the measurements : It
had to be a good electrical insulator to avoid electrical contact with the DSC
sensor during the application of the electric field and it had to be a good thermal
conductor so that any temperature difference of the sample would be sensed at
the surface of the DSC sensor. Al2O3, with its electrical resistivity between 109
Ω.m and 1012 Ω.m and its thermal conductivity of 38 W.m−1.K−1 (at room
temperature) was chosen.
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Figure 4.2.: (a): Alumina crucible with attached insulated wire, (b): View of the
P-E insert from outside the DSC, (c): Spring-loaded contact attached
to insulated wire and cast inside acrylic resin, (d): View of the DSC
chamber from outside with hole drilled in the silver lid and alumina
crucible containing the sample
69
Chapter 4. Direct electrocaloric measurements system
4.1.2. Electric field application
Space inside the DSC chamber proved to be a challenge for the arrangement of
field application and choice of wires. Insulated wires were required in order to limit
the risk of electric arc or short circuit between the wires. The wires, which are
shown in 4.2(b), were attached to the sample with a dedicated high temperature
and high voltage thermally set silver paste (Cermet Silver Conductor 590-G from
Electro-Science Laboratories, Inc.). The same silver paste was deposited on both
sides of the ceramic pellet and on the bottom of the crucible to assure the quality
of the electrical contact. The layers thickness was kept minimal to avoid thermal
heating artifacts.
4.1.3. Electrical contact
In order to assure a good electrical contact between the bottom part of the pellet
and the bottom of the crucible, it was decided to use a spring-loaded contact for
the top electrode. The insulated wire was connected to the spring-loaded contact
and cast inside a electrically insulated acrylic resin, as shown in 4.2(c). The resin
was then attached to the silver lid covering the DSC-chamber, so that, when the
chamber is closed, the weigh of the lid itself presses the sample down, assuring a
good electrical contact at the bottom electrode.
4.2. Development of the measurement system
4.2.1. Preliminary tests on the P-E insert
The modified DSC allows the measurement of a P-E loop using the functionalities
of the Radiant ferroelectric tester while measuring the heat generated by the
sample with the DSC.
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Figure 4.3.: Comparison between the P-E loop of a PZT test sample at 25◦C ob-
tained with the miniaturized P-E insert (blue) and with the standard
ferroelectric tester fixture (red)
The first test to validate the modified system was a comparison between the P-E
loop from the miniaturized P-E insert and the P-E loop from the standard Radiant
ferroelectric tester fixture. It can be seen on Fig. 4.3 that the P-E loops obtained
for both system are very similar, which demonstrates that the miniaturization of
the P-E system was a success.
4.3. Improvement of the signal:noise ratio of the
modified-DSC
Once it was shown that the spring-loaded-contact could be used to apply the
electric field to the sample, a circular hole was drilled through the lid of the DSC
chamber in order to insert the spring-loaded contact and the wires inside the
DSC chamber, as shown in 4.2(d). An electrically insulated acrylic resin was cast
around the spring-loaded contact in order to prevent electrical contact with the
metallic lid and help the alignment of the contacts with the pellet. In the first
version of the set-up that was build, the resin cast was made in a square shape
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with dimensions that would fit inside the circular hole drilled through the lid.
The square shaped cast was easier to build but its shape came with a significant
set-back, the coverage of the circular hole was not complete. Although some
tape was used in an attempt to obtain a better thermal insulation, the partial
coverage lead to a significant thermal noise in the DSC baseline. The first direct
EC measurements were performed on a Sr0.53Ba0.47Nb2O6 (SBN(53/47)) ceramic
pellet. The measured electrocaloric response from SBN(53/47) was very small,
which made it hard to distinguish from the very noisy baseline. Different values
of DC voltage were applied to the sample for 100s then removed. Although the
magnitude of the signal was very small, it was possible to reproducibly observe
two peaks on the DSC versus time plots : one exothermic peak when the voltage
was applied and one endothermic peak 100s later when the voltage was removed,
seen on Fig. 4.4(a).
Figure 4.4.: (a): DSC versus time measurement for a SBN(53/47) ceramic at
110◦C under 20kV/cm, (b): Exothermic and endothermic peaks ob-
served on the DSC versus time measurement after baseline fitting
The signal:noise ratio made it necessary to use an external software to fit the
baseline in order to be able to measure the peak area under both peaks. The
integration of both peaks gave very similar values of heat, as shown in Fig. 4.4(b),
which confirmed the reversibility of the observed effect. However more thermal
insulation of the system was necessary in order to obtain a higher signal:noise ratio.
The square geometry of the P-E insert was given up in favor of a circular geometry,
as shown in 4.2(c), which would perfectly fit the circular hole drilled through the
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DSC lid and allow for a total coverage. As shown in Fig. 4.5, the thermal noise
of the DSC baseline was significantly decreased with a total coverage of the hole.
A thermal shield was also added around the DSC to additionally decrease the
thermal noise level, which proved to be efficient, as shown in the bottom part of
Fig. 4.5.
Figure 4.5.: Effect of the coverage of the hole drilled through the DSC lid and
additional thermal shield on the thermal noise of the DSC baseline
4.4. Estimation of the heat loss
We found that some of the heat was lost during the electrocaloric effect (ECE)
measurements, most definitely due to the lower thermal conductivity of the alu-
mina crucible compared with the metallic wires used for voltage application. In
order to compensate for these thermal losses, the heat flow values measured on
each samples were corrected with the thermal loss factor. The thermal loss factor
was obtained from the reference measurements performed on in-house made resis-
tors with known resistance values in the range of relevant temperatures and heat
flows. Fig. 4.6, shows that this loss factor is linearly dependent on temperature,
with values ranging from 1.15 at 40◦C to 1.55 at 165◦C. The loss factor was found
to be higher at higher temperature, presumably due to the higher temperature
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gradients between the measurement enclosure and surroundings.
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Figure 4.6.: Estimation of the correction factor required to compensate the ther-
mal losses during the direct ECE measurements.
4.5. Typical ECE measurement
Fig. 4.7 shows the typical DSC response during a direct ECE measurement. An
exothermic peak was observed upon application of an electric field in the DSC
set-up, then followed by an endothermic peak, when the DC field was switched
off after 100s. The ECE values were obtained by integration of the area under
the peaks. Similar values were found for both the exothermic and endothermic
peaks, which confirmed the reversible characteristics of the EC effect. Because the
leakage current through the sample was very small (<10 -7A) the Joule heating
contribution to the DSC signal could be neglected.
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Figure 4.7.: EC response measured for a <001>-oriented PMN-30PT single crys-
tal under a 12 kV/cm applied electric field.
4.6. Benchmarking of the system
The last step of the development of our ECE direct measurement system was
the benchmarking. For this purpose we asked a group from the University of
Oulu to measure a sample that had been previously measured on our set-up.
The university of Oulu built their own ECE direct measurement system based
on direct temperature reading of a sample mounted a customized sample holder
and placed inside a glass dome to limit thermal fluctuation, which is described
elsewhere by Pera¨ntie et al.[25]. The comparison between the sets of data obtain
from the two measurement systems is given in Fig. 4.8. It can been seen that
agreement between the two sets of data is good: similar trends are observed and
the values measured for the ECE are in the same order of magnitude. There is a
significant discrepancy, which increases as the temperature increases towards the
transition temperature (130 °C), but keeping in mind that the two measurement
set-ups are very different and the ECE values measured on this sample are very
small, the agreement is still very satisfying.
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4.7. Conclusions
Adirectelectrocaloricmeasurementset-upbasedonamodiﬁed-diﬀerentialscan-
ningcalorimeter,alowingtheacquisitionofboththermal(ECE,heatcapacity)
andelectrical(P-Eloops,leakagecurrent)informationsimultaneously,wassuc-
cessfulyconstructedandbenchmarked.TheheatlossesduringtheECEmeasure-
mentwerethoroughlyestimatedandaccountedforbycomparingheatmeasured
withheatproducedbyJoulesheatingofsampleswithknownresistance.TheECE
valuesobtainedwithourset-upwerecomparedwithreporteddataandmeasure-
mentperformedonotherdirectECEmeasurementsystemsandagoodagreement
wasfound.
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5.1.<001>-PbMg1/3Nb2/3O3-30PbTiO3
The<001>-PMN-30PTsinglecrystals,with1mmthicknessand5mmdiameter,
weregrownwiththeBridgmantechnique,(CrystalGmbH,Germany).
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5.1.1. Dielectric measurements
Figure5.1.:Comparisonbetweentherealpartofthepermittivityofthepoled
andunpoled<001>-PMN-30PTcrystalsmeasureduponheatingat
100kHz. TheinsetshowsthetemperatureregionaroundTdmoreaccurately
Fig.5.1showsthediﬀerencesbetweenthepermittivityofapoledandunpoled
<001>-PMN-30PTcrystalmeasureduponheatingat1°C/minwith100kHzap-
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plied AC signal as a function of temperature. The temperature of maximum per-
mittivity (Tm) was found to be 142°C . According to the PMN-xPT phase diagram
published by Noheda et al [49], unpoled PMN-30PT undergoes a phase transition
from the rhombohedral ferroelectric phase to the cubic paraelectric phase around
this temperature. Striking differences can be observed between the poled and
unpoled sample. The <001>-PMN-30PT poled in the <001> direction shows
two dielectric anomalies, at 107°C and 130°C. Such anomalies have been reported
before[25, 105–107] on similar PMN-PT single crystals and are usually associated
with field-induced phase transitions. The anomaly at 107°C in the poled sample
corresponds to the phase transition from the rhombohedral ferroelectric phase
to the tetragonal ferroelectric phase. The tetragonal phase is normally absent in
this composition and only observed for compositions richer in PT. However, it has
been reported that the application of an electric field along the <001> direction
on <001>-PMN-30PT lowers the position of the morphotropic phase boundary,
MPB, which separates the rhombohedral and tetragonal phase[108]. The poling of
PMN-30PT single crystal in the <001> direction would therefore create a region
between 107°C and 130°C where a tetragonal phase is the most stable phase. The
second anomaly at 130°C corresponds to Td, at which the long range ferroelectric
order disappears.
5.1.2. Polarization measurements
Fig. 5.2 shows the temperature dependence of the remanent and maximum po-
larization for the <001>-PMN-30PT single crystal with a 10kV/cm electric field
applied in the <001> direction. Three temperature regions, where the behaviour
of remanent polarization is clearly different, can be identified. These three tem-
perature regions correspond to three different regions of phase stability in the
<001>-PMN-30PT system poled in the <001> direction. Fig. 5.3 shows the
typical shape of the hysteresis loops in regions I (87°C), II (105°C), just above
Td (135°C) and in the pseudo-paraelectric state (165°C). The region, between
Td and the Burns temperature (TB), where polar entities exist in a macroscopi-
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Figure5.2.:Remanentandmaximumpolarizationmeasuredasafunctionoftem-
peratureforthe<001>-PMN-30PTsinglecrystalwitha10kV/cm
electricﬁeldappliedinthe<001>direction.
calynon-polarmatrix,wilbereferredhereasthepseudo-paraelectricstate.The
hysteresisloopmeasuredat87°C,showsapolarizationanomalyat5.4kV/cm
uponincreaseoftheelectricﬁeld.Asimilaranomalyisobservedatalowerﬁeld
value(3.8kV/cm)upondecreaseoftheelectricﬁeld.Suchasuddenchangeof
thepolarizationbehaviourhasbeenreportedtobeassociatedwiththereversible
rhombohedraltotetragonalﬁeld-inducedphasetransition[25,105].Inrhombohe-
dralcrystals,suchasroom-temperaturePMN-30PTcrystalsthepolardirection
isalongthe<111>direction. AsshowninFig.5.4,whenpoledinthe<001>
directiontheferroelectricdomainsmustbeorientedinoneofthefourpossible
polardirections<111>,<1-1-1>,<1-11>or<11-1>. Whenastrongenough
electricﬁeldisappliedinthe<001>directiontothe<001>-poledrhombohedral
crystalat87°C,thenthepolarizationinclinestowardsthe<001>directionuntil
itﬁnalycolapsesinthetetragonalphase.Thereversiblecharacterofthephase
transitionisconﬁrmedbythepresenceofthechangeofpolarizationupondecreas-
ingﬁeld. However,high-resolutionx-raydiﬀractioninvestigationsperformedon
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PMN-30PT by Cao et al. [52] have shown that the formation of the tetragonal
phase is not actually fully reversible as the system never transforms back to the
rhombohedral phase upon removal of the electric field. A pseudo-rhombohedral
phase (monoclinic A) is formed instead, which is a slightly-distorted rhombohedral
state with a polar direction very close to the <111> direction[109].
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Figure 5.3.: Hysteresis loops measured at 87°C, 105°C, 135°C and 165°C for the
<001>-PMN-30PT single crystal prepoled in the <001> direction.
The hysteresis loops at 105°C, shown in Fig. 5.3, is characteristic of the second
region of phase stability (region II). It is characterized by a narrow hysteresis loop
and an early saturation at a field around E=4kV/cm. As observed in Fig. 5.1, this
region is also associated with a decrease in permittivity of the pre-poled sample as
a function of temperature. This decrease is most likely associated to the formation
of the tetragonal phase, in which <001> is the polar direction. As a consequence
of their inherent crystal anisotropy, the real part of the permittivity measured
along the polar direction in ferroelectric perovskites is often smaller than that
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measured in other directions[66]. However, no polarization anomaly is observed
on the hysteresis loops of the poled sample upon increasing or decreasing the
electric field in region II. This observation would seem to indicate that, at this
temperature, the change to the tetragonal phase happens irreversibly upon the
first poling of the sample, and that the system never transforms back to the
rhombohedral (or pseudo-rhombohedral) phase, upon removal of the electric field
in region II. The double hysteresis loop observed just above the temperature of
depolarization (135°C) indicates the presence of polar regions existing within a
macroscopically non-polar matrix [110, 111]. The first step upon increasing the
field corresponds to the onset of ferroelectric ordering resulting in a first-order-like
jump of the polarization. Upon decrease of the electric field the electric field-
induced polar regions relax to smaller polarization values and suddenly disappear
when the electric field approaches zero, which result in the second step and the
double hysteresis shape of loop[112]. The absence of the double hysteresis loop at
165°C indicates that the long range polar interactions have disappeared at this
temperature even under the application of strong electric fields[110].
Figure 5.4.: Evolution of the direction of the polarization when the system un-
dergoes a transformation from rhombohedral to tetragonal under the
application of an electric field in the <001> direction.
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5.1.3.ECE measurements
ECEversustemperature
Fig.5.5showsacomparisonbetweentheECEobtainedbydirectandindirectmea-
surementasafunctionoftemperatureforthe<001>-PMN-30PTsinglecrystal
witha10kV/cmelectricﬁeldappliedinthe<001>direction.Twoanomalieswere
observedat95°Cand130°
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C,whichcorrespondwel withthedescribedregionsof
phasestabilities.Itseemsthateachregionofphasestability,identiﬁedbythe
dielectricmeasurements,hasitsownECE.
Figure5.5.:ComparisonbetweentheECEobtainedbydirectandindirectmea-
surementasafunctionoftemperatureforthe<001>-PMN-30PT
singlecrystalwitha10kV/cmelectricﬁeldappliedinthe<001>
direction. Thehorizontaldottedline marksthelineofzeroelec-
trocaloriceﬀect.
ItcanbeseeninFig.5.5thatforthethreediﬀerentregionsofphasestabil-
itytheagreementbetweenthedirectandindirectmeasurementsisverygood.
ThecalculationoftheindirectECEwasperformedverythoroughly,withthe
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leastassumptionsmade. Theheatcapacityandthedensityvaluesusedinthe
indirectcalculationoftheECtemperaturechange(∆TEC)weremeasuredasa
functionoftemperature.Itisimportanttoknowthebehaviouroftheheatca-
pacityversustemperatureasitcansigniﬁcantlychange,especialyaroundphase
transitions. Theheatcapacitywasfoundtoincreaselinearlywithtemperature
from325J/(kg.K)at25°Cto365J/(kg.K)at130°Candtoremainconstant
around365J/(kg.K)between130°Cand200°C.Furthermore,contrarytomost
publishedindirectmeasurements[4,21,54],the(∂P∂T)E
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numericaldiﬀerentiationsofthepolarizationversustemperaturedatainorderto
avoidhavingtoassumeapolynomialﬁt,asdescribedinSection2.3.1.
Figure5.6.:DSCresponsemeasuredunder10kV/cmfor<001>-PMN-30PTat
fourdiﬀerenttemperatures.
AlthoughtheﬁtseemsslightlylesssatisfyinginRegionIII,themaximumECE
of∆Tmax=0.65KforE=10kV/cmwasobservedjustaboveTd.(135°C)byboth
directandindirectmeasurement.Furthermore,aregionwithnegative∆TEC,is
observedbelow95°Cbybothdirectmeasurementsandindirectmeasurements.In
thisrangeoftemperaturetheECEdecreaseswithincreasingtemperature,until
itbecomesnegative. ThenegativeECEwasobservedbydirectmeasurement
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in the shape of an inversion of the peaks measured in the DSC upon electric
field application, as shown in Fig. 5.6. Contrary to what we usually observed
during the direct ECE measurement with the modified DSC, an endothermic peak
was first observed when the electric field was applied in the <001> direction to
the PMN-30PT single crystal between 75°C and 95°C, and the exothermic peak
only appeared upon removal of the field. The fact that this anomaly was also
observed by indirect measurement suggests that it is not an artefact of our direct
measurement set-up. The reason for the slight discrepancy in Region III and the
presence of negative ECE in Region I will be discussed further below.
ECE versus electric field
Figure 5.7.: Comparison between the ECE obtained by direct and indirect mea-
surement as a function of applied electric field in the three different
temperature regions.
Fig. 5.7 shows the comparison between the ECE obtained by direct and indirect
measurements as a function of applied electric field in the three different tempera-
ture regions. There is a close agreement between direct and indirect measurement
for the three different temperature regions, especially in Region II, where the in-
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direct estimation fits perfectly with the direct measurement. It seems that the
indirect measurement tends to underestimate slightly the ECE in the region above
Td. (Region III). A similar discrepancy was observed above Td by Sebald et al.
on PMN-25PT ceramics [113]. This discrepancy could be a result of the thermal
hysteresis that is often observed around Td in PMN-PT systems[114]. The indirect
measurement method requires several assumptions, including the Maxwell rela-
tion (∂P∂T )E = (
∂S
∂E )T. However, there can be deviation from the Maxwell relations
in the case of systems with thermal hysteresis or non-ergodic behaviour [115].
Much larger discrepancies between direct and indirect measurements were previ-
ously observed in polymer relaxors, which are strongly non-ergodic systems[31].
These observations show that there are still some limitations to the indirect mea-
surement method. Fig. 5.7 also shows that, although the agreement is slightly less
good in region I than in region II, the indirect measurement does show a similar
decreasing trend and the presence of the negative values. The ECE decreases with
the increasing electric field until it reaches a minimum and starts increasing.
Fig. 5.8 shows the evolution of the ECE as a function of applied electric field
measured for the three different temperature regions by indirect measurement.
Except for very small electric fields (<0.5 kV/cm), the ECE increases almost lin-
early with applied electric field in Region II. Although the ECE also increases
with applied electric field in Region III, the trend is different. At low electric
fields, there is a significant difference between the ECE values measured at differ-
ent temperatures. However, this difference becomes smaller with the increasing
field. For electric field values higher than 8 kV/cm, the ECE is almost temper-
ature independent. therefore, the application of a strong enough electric field
preserves a high ECE over a broad range of temperature. This phenomenon has
been observed before in different relaxor systems[10, 12, 25] and is most likely
due to the formation and alignment of field-induced polar nanodomains, which
are maintained above the temperature of depolarization[37, 116]. The evolution
of the ECE with increasing electric field in Region I is very interesting. The ECE
decreases with increasing electric field into negative values until it reaches a min-
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Figure 5.8.: ECE as a function of applied electric field for the three different tem-
perature regions by indirect measurement. Arrows indicate increasing
temperature : from 60°C to 90°C for region I, from 97°C to 125°C for
region II and from 130°C to 165°C for region III.
imum and starts increasing almost linearly. Fig. 5.8 also shows that the electric
field value at which this minimum occurs decreases with increasing temperature.
Fig. 5.9 shows the polarization and the corresponding ECE as a function of
applied electric field at two different temperatures in Region I (85°C and 90°C).
It can be seen that the sudden change of the polarization behaviour, which, as
previously mentioned, is associated with the field-induced phase transition from
pseudo-rhombohedral to tetragonal, corresponds to a decrease of ECE. It is only
when the field induced phase transition is complete and saturation is reached
that the minimum in the ECE appears and the ECE starts increasing linearly
with electric field. The polar direction of the pseudo rhombohedral is very close
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Figure 5.9.: Polarisation and corresponding ECE as a function of applied electric
field at two different temperatures in Region I: 85°C (upper) and 90°C
(lower).
to the <111> direction, whereas the polar direction of the tetragonal phase is
<001>. So when the electric field is applied in the <001> direction to the
PMN-PT crystal in the rhombohedral phase, it not applied applied in a direction
collinear to the polar direction but in a direction with a 54.7°offset. The offset
is probably slightly smaller than 54.7°as the system was not in a rhombohedral
phase but in pseudo-rhombohedral phase (monoclinic A), but still significant. The
application of the field in a direction non collinear to the polar direction leads to
the switching of some dipoles from the polar direction to the <001> direction,
and therefore an increase of the configurational entropy of the system. Contrary to
what is commonly observed in electrocaloric materials, ( ∂S∂E )T is positive. Under
adiabatic conditions the entropy stays constant and the application of the electric
field therefore leads to a decrease of temperature, which explains why the negative
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ECE is observed. According to the Maxwell relation (∂P∂T )E = (
∂S
∂E )T, a positive
( ∂S∂E )T should be accompanied by an increase of polarization with temperature,
which is what is observed in Region I. The observation of the positive (∂P∂T )E
confirms the effect of the application of the non-collinear electric field on the
thermal response of the PMN-PT single crystals.
Before we reported the observation of this negative effect[30], it had only been
observed by two groups. Pera¨ntie et al.[25] reported the observation of a simi-
lar ECE behaviour by direct measurement on a <110>-PMN-28PT single crystal
under a 9kV/cm electric field applied in the <110> direction. As previously men-
tioned the the polar direction of the rhombohedral phase is <111>, they therefore
were not applying the electric field in a direction collinear to the polar direction
where they observed the negative ECE, which concurs with our explanation of this
phenomenon. Similarly to what we reported their negative ECE was accompa-
nied by a positive (∂P∂T )E. Another reference to an “abnormal” negative ECE was
published recently by Bai et al.[61]. They performed indirect ECE measurements
on Na0.5Bi0.5TiO3(NBT) ceramics and observed negative ∆TEC in the tempera-
ture range where a field-induced phase transition from tetragonal antiferroelectric
(AFE) to tetragonal ferroelastic (FElast) occurs. Contrary to a normal ferroelec-
tric to paraelectric transition, where the thermal excitation weakens the ordered
state and leads to smaller polarization values with increasing temperature, this
field-induced phase transition leads to an increase of polarization with tempera-
ture. In this case, the weakening of the AFE ordered state helps in the creation
of more polarizable regions that can be reoriented in the direction of the applied
electric field. According to the Maxwell relation (∂P∂T )E = (
∂S
∂E )T, a positive (
∂P
∂T )E
lead to an increase of entropy with applied electric field and therefore a negative
ECE. The observations of Pera¨ntie et al.[25] and Bai et al.[61], along with our
recent findings, confirm that, in rare cases where the electric field induces an in-
crease of entropy, it is possible to observe negative ∆TEC. As Ponomareva et al.
pointed out[117], this negative ECE could be exploited to produce more efficient
cooling cycles. Fig. 5.10 shows an example of a cooling cycle utilizing both pos-
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itive and negative ECE. First an electric field collinear to the polar direction is
applied to the material during step 1 and the system heats up. Then the heat is
exchanged with the sink so the temperature drops back down to T0. The electric
field is removed during step 3, and the system cools down to T3. During step 4,
a non-collinear electric field is applied and the system becomes even cooler, down
to T4. The heat is then exchanged with the load in step 5. The electric field is
removed in step 6 and the extra heat is exchanged with the sink in step 7, which
close the cycle. The effective temperature change of the load is then ∆T−T0−T4,
which is bigger than that of a system that would only apply the electric field in
one direction (∆T−T0−T3 or ∆T−T3−T4).
Figure 5.10.: Example of a cooling cycle utilizing both positive and negative ECE
5.2. <111>-PbMg1/3Nb2/3O3-xPbTiO3 with x=0.32
and 0.34
5.2.1. Dielectric measurements
In order to better understand the influence of crystal anisotropy on the prop-
erties of PMN-PT single crystals. <111>-PMN-xPT Single crystals of nominal
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compositionx=0.32andx=0.34werestudiedunder<111>
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Figure5.11.:ComparisonbetweentherealpartofthepermittivityofPMN-32PT
andPMN-34PT,poledinthe<111>directionundera10kV/cm
electricﬁeld,measureduponheatingat100kHz.
Fig.5.11showstherealpartofthepermittivityofpoledPMN-32PTandPMN-
34PTpoledinthe<111>directionundera10kV/cmelectricﬁeld. Diﬀerent
temperatureregions,whichcorrespondtodiﬀerentphasestabilitycanbeiden-
tiﬁed. Thereareonlyfew(T-x)phasediagramsavailableintheliteraturefor
<111>-poledPMN-PT,butCaoetal.reported<111>-electricﬁeldcooledx-
raydiﬀractionstudiesofPMN-30PTsinglecrystals[52],whichsuggestedthat
PMN-xPT,withcompositionclosetotheMPB,formsimilarphaseswhenpoled
inthe<111>directionasinthe<110>.ThephasediagramgiveninFig.2.11
shouldthereforebevalid,whichmeansthatthephasesfoundupon<111>-ﬁeld
coolingarecubic,tetragonal,pseudo-orthorhombicandpseudo-rhombohedralfor
PMN-32PTandcubic,tetragonalandpseudo-orthorhombicforPMN-34PT,re-
spectively. Whilethepseudo-rhombohedralphasethatwasformedupon<001>
polingofPMN-30PTwasmonoclinicA,thepseudo-rhombohedralphaseformed
upon<111>-polingofPMN-32PTismostlikelymonoclinicB,forwhichthepo-
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larization path is restricted to the rhombohedral-orthorhombic plane, as described
in section 2.5.1. The presence of the pseudo-rhombohedral phase at low tempera-
ture is consistent with the report of Davis et al.[118], who stated that the method
of poling could significantly influence the phase stability in PMN-xPT and PZN-
xPT systems. They showed that poling with strong electric field values at low
temperatures, which is the method employed in this work, can stabilize a pseudo-
rhombohedral phase at room temperature in a system that would otherwise be
orthorhombic.
Td was found to be 145°C for PMN-32PT and 156°C for PMN-34PT, which
corresponds well with reported values for these compositions. The tetragonal
to orthorhombic phase transition moves to lower temperature with PT increas-
ing content with 96°C for PMN-32PT and 89°C for PMN-34PT, which is good
agreement with values from the literature.
5.2.2. Direct ECE measurements
Fig. 5.12(a) shows a comparison between ∆TEC versus temperature of PMN-32PT
and PMN-34PT measured under a 10kV/cm <111>-electric field. It can be seen
that for both materials the ECE versus temperature shows a sharp maximum at
Td. This peak is a much sharper first-order like peak than that measured for
<001>-PMN-30PT in similar conditions (Fig. 5.5). PMN-xPT is the result of the
formation of a MPB between PMN, which is a strong relaxor ferroelectric and PT,
which is a normal ferroelectric. As the PT content increases, the properties of
PMN-xPT are expected to become more normal ferroelectric-like, the observation
of a sharper peak in the ECE versus temperature is therefore expected and in
agreement with the literature. A similar trend is observed when comparing the
real part of the permittivity versus temperature of PMN-30PT, PMN-32PT and
PMN-34PT.
Fig. 5.12(a) also shows that the maximum EC temperature change (∆Tmax)
decreased with increasing PT content. ∆Tmax was found to be 0.50K for PMN-
32PT, while it was 0.44K for PMN-34PT. According to Kutnjak et al.[45, 46], the
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Figure5.12.:(a):Comparisonbetweentheevolutionofthe∆TECversustemper-atureofPMN-32PTandPMN-34PTmeasuredundera10kV/cm
<111>-electricﬁeld,(b):ECEofPMN-32PTunderdiﬀerentvalues
ofelectricﬁeldappliedinthe<111>direction.
enhancedelectrocaloricpropertiesobservedinPMN-xPTresultfromtheexistence
ofacriticalpointwheretheenergyrequiredfortheﬁeld-inducedpolarizationro-
tationsissigniﬁcantlyreduced. Furthermore,thepositionofthiscriticalpoint
movestowardslowelectricﬁeldvaluesaroundtheMPB,whichexplainstheim-
portanceofthepositionoftheMPBforthispropertiesenhancement.Folowing
thisargumentitisthenreasonabletoassumethatthefurtherawayfromthe
MPB,thesmalertheECE.Thefactthat∆TmaxforPMN-34PTissmalerthan
thatofPMN-32PTisthereforeinaccordancewiththedescribedinﬂuenceofthe
MPBinPMN-xPT.
∆Tmaxmeasuredfor<111>-PMN-32PTand<111>-PMN-34PTarealsosmaler
thanthatmeasuredfor<001>-PMN-30PTfor10kV/cm(∆Tmax=0.65K).The
argumentthatPMN-30PTisclosertotheMPBthanPMN-32PTandPMN-34PT
standsagainherebutismostprobablynottheonlyreasonforthisdiﬀerence.
Fig.5.13givescomparisonbetweentheevolutionoftheremanentpolarizationver-
sustemperatureof<001>-PMN-30PTand<111>-PMN-34PTmeasuredunder
a10kV/cm<111>-electricﬁeld.Itcanbeseenthattheslopeofthepolariza-
tionversustemperature,(∂P∂T)E,whichisdirectlyproportionalto∆TEC,ismuch
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Figure5.13.:Comparisonbetweentheevolutionoftheremanentpolarization
versustemperatureof<001>-PMN-30PTand<111>-PMN-34PT
measuredundera10kV/cmelectricﬁeld.
steeperaroundTdfor<001>-PMN-30PT(130°C)thanfor<111>-PMN-34PT
(156°C).TheferroelectricphasefoundjustbelowTdistetragonalforbothmate-
rials.Aspreviouslymentioned,thepolardirectionofthetetragonalphaseisalong
<001>. Whena<001>-electricﬁeldisappliedtothetetragonalPMN-30PT,
onlyonepolardirectionispossible,whichleadstomuchlargerpolarizationvalues
thanwhena<111>-electricﬁeldisappliedtothetetragonalPMN-34PT,where
thepolarvectorscanalignin4diﬀerentdirections. Thecapabilityof<001>-
PMN-30PTtoformmuchlargerpolarizationvaluesthan<111>-PMN-34PTis
thereasonforthemuchbigger(∂P∂T)E,andthereforelarger∆TEC,measuredin
<001>-PMN-30PT.
Anotherimportantdiﬀerencethatcanbenotedbetweenthebehaviourofthe
ECEof<111>-PMN-34PTandthatof<001>-PMN-30PTisthatnonegative
ECEwasobservedaroundthelowertemperaturetransitionfrommonoclinicC
totetragonal.Asmentionedinsection2.5.1thepolarvectorofthemonoclinicC
phasecanmovefreelybetweentheOandTdirection.ThemonoclinicCphaseob-
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served below 90°C in <111>-PMN-34PT is most probably pseudo-orthorhombic,
its polar direction is therefore very close to <110>. In the case of <111>-PMN-
34PT, as the electric field is applied in <111> direction to a pseudo-orthorhombic
phase, the electric field is applied in direction non-collinear to the polar direction,
which according to our previous explanation of the origin of the negative ECE,
should lead to the observation of a negative ECE. But it is not the case, so the
non-collinearity of the field is probably not the only reason for the creation of
a negative ECE. When we observed a negative ECE in <001>-PMN30PT, the
electric field was applied in a non-collinear direction (<001>) to the polar di-
rection (<111>), however it was applied in the mirror plane in which the polar
vectors of the monoclinic phase (monoclinic A) could freely rotate ({010 }). This
rotations allowed the polar vectors to rotate towards the direction of applied field
until the field-induced phase transition occurred and the polar vectors collapsed
into one single vector in the <001> direction. The same conditions applied in the
case where Pera¨ntie et al.[25] observed their negative ECE. The field was applied
in the <110> direction to a pseudo-rhombohedral monoclinic B phase, for which
the polar direction was <111> but the polar vectors were free to rotate from
rhombohedral to orthorhombic (<110>), until the field-induced phase transition
from rhombohedral to orthorhombic occurred. However in the case of <111>-
PMN-34PT, the polar vectors of the monoclinic C phase are free to rotate from
orthorhombic to tetragonal but the field is applied in the rhombohedral direction,
which does not allow the movement of the polar vectors towards the direction of
application of the electric field, and therefore does not allow for the field-induced
increase of entropy responsible for the negative ECE.
Finally, it can be concluded that the observation of negative ECE does not
only depend on the angle between the polar direction and direction of applied
electric field, but also on the nature of the monoclinic phase involved and the
mirror plane in which this lower-symmetry monoclinic phase is free to rotate. The
negative ECE will be obtained only if the application of the electric field induces
polarization rotation along that plane, which eventually leads to a field-induced
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phasetransition.
5.2.3. ComparisonwithindirectECE measurements
Fig.5.14showsacomparisonbetweenthedirectandindirectmeasurementsofthe
ECEversustemperatureof<111>-PMN-34PTmeasuredundera10kV/cmelec-
tricﬁeld.Anditcanbeseenthatsimilarlytothecaseof<001>-PMN-30PT,the
indirectmethodgivesresultswiththesametrendandorderofmagnitudeasthe
directmeasurement.Thetwomaxima,whichareobservedontheindirectECE
versustemperaturemeasurements,correspondwelwiththemonoclinictotetrag-
onalphasetransitionaround90°Candthetetragonaltocubicphasetransition
around160°
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Figure5.14.:Comparisonbetweenthedirectandindirectmeasurementsofthe
ECEversustemperatureof<111>-PMN-34PTmeasuredundera
10kV/cmelectricﬁeld.
Therearehoweverafewdiscrepancies. Althoughthematchintheordersof
magnitudeisacceptable,theﬁtbetweenthedirectandindirectmeasurementis
notasgoodasinthecaseof<001>-PMN-30PT,wheretheresultswerealmost
super-imposable.Themismatchisstrongeralowtemperatures,especialyaround
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thestructuralphasetransition.Althoughthereasonforthismismatchisunclear,
itcouldcomefromthesigniﬁcantfatigueobservedwhenstrongelectricﬁeldsare
appliedtothe<111>
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-PMN-34PT.Thisdecreaseoftheferroelectricproperties
afterafewcycles,alongwithirreversibleﬁeld-inducedphasetransitions,makeit
veryhardtoobtainreproducibleP-Eloopstousefortheindirectestimationof
theECE.
Figure5.15.:(a): EvolutionoftheP-Eloopsat30°Cafterseveralapplication
ofa10kV/cm<111>-electricﬁeld,(b):Evolutionoftheremanent
polarizationasafunctionofthenumberofcycles.
Fig.5.15(a)showstheevolutionoftheP-Eloopsat30°Cafterseveralapplica-
tionofa10kV/cm<111>-electricﬁeldandFig.5.15(b)showsthedecreaseofthe
remanentpolarizationasafunctionofthenumberofcyclesinthesameconditions.
Itcanbeseenthateachelectric-ﬁeldapplicationsigniﬁcantlydecreasestherema-
nentandmaximumpolarization.ThepolarizationfatigueobservedinFig.5.15(a)
seemstobeacombinationofseveraleﬀects.TheP-Eloopsobservedfortheﬁrst
3or4cyclesshowaslightjump,similartoonesobservedin<001>-PMN-30PT,
whichweattributedtoﬁeld-inducedphasetransitions.Aspreviouslymentioned,
whenthepseudo-orthorhombicPMN-34PTispoledatroomtemperaturewith
strongenoughelectricﬁeld,apseudo-rhombohedralphasecanbeformed[118],we
believethattheobservedﬁeld-inducedphasetransitioncorrespondstotheforma-
tionofapseudo-rhombohedralPMN-34PTaroundroomtemperature.Although
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this rhombohedral phase shows higher polarization values as the <111> electric
field is now applied in a direction collinear with the polar direction, it also comes
with a major set-back : an enhanced inclination to fatigue. Domain wall pinnning
is one of the main cause of the polarization fatigue observed in PMN-xPT [119]
and PZN-xPT [120] single crystals. The pinning of the domain wall is due to space
charge accumulation, mostly around defects such as microcracks. This polariza-
tion fatigue is stronger around room temperature, as thermal agitation limits the
domain wall pinning when the temperature is raised[120]. This fatigue process is
also strongly dependent on the angle between the polar direction and the direction
of applied field. When the applied field is collinear, the observed fatigue is signif-
icantly increased[119–121]. According to Zhang et al.[119] the domain switching
caused by the application of a collinear field leads to the formation of microc-
racks, which are not observed in other directions. They explained that, because
the application of a <111>-electric field to a rhombohedral PMN-xPT lead to
a growth of the parallel domains, while the antiparallel 180°domain shrank, an
important strain mismatch is created between the domains in the field direction.
This strain mismatch causes a strong mechanical stress, some of which is relieved
by the system through the formation of cracks. The fatigue process in PMN-xPT
single crystals also strongly depends on the intensity of the electric field as the
application of a strong electric field can induce the formation of a new phase with
a different polar direction. Lin et al.[121] showed that, while the polarization
fatigue for PMN-32PT under a 1.5kV/cm <001>-electric field was negligible, the
situation was quite different under a 7.5kV/cm. The application of a stronger field
in the <001> direction induced a phase transition from pseudo-orthorhombic to
tetragonal where the polar direction was then collinear to the direction of applied
field. The measured polarization was then divided by 2 after the application of
a certain amount of cycles. This tendency of the polarization fatigue to increase
under electric field collinear to the polar direction is the reason for the significant
fatigue observed in <111>-PMN-34PT at lower temperatures and the resulting
mismatch between direct and indirect temperature. Such an important polariza-
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tion fatigue was not observed on <001>-PMN-30PT as the phase with a polar
direction along <001> is not formed before 97°C, where the thermal agitation is
probably already strong enough to limit the domain wall pinning.
5.3. Conclusions
Measurements of the real part of the permittivity and polarization versus tempera-
ture were performed on the <001>-PMN-30PT, <111>-PMN-32PT and <111>-
PMN-34PT single crystals prepoled in the <001>, <111> and <111> directions,
respectively. Anomalies, which were associated to the formation of field-induced
phase transitions, were observed. The reversibility of these phase transitions was
found to depend on temperature.
A direct electrocaloric measurement set-up based on a modified DSC was used
to measure the ECE of these single crystals and each region of phase stability
was found to have its own EC response. The highest ECE (∆TEC=0.65K) was
measured in <001>-PMN-30PT single crystals for an applied electric field of
10kV/cm in the <001> direction just above the temperature of depolarization.
The maximum ECE measured in <111>-PMN-32PT and <111>-PMN-34PT
were found to be smaller, which was attributed to their compositional distance
from the morphotropic phase boundary and the non-collinearity between the di-
rection of applied electric field and the polar direction of the phase stable just
below Td.
The comparison between the direct and indirect ECE measurements performed
on <001>-PMN-30PT was found to be very satisfactory against both applied
electric field and temperature below the temperature of maximum permittivity
(Tm), even when a field-induced phase transition was involved in the process. Un-
fortunately, no comparison was performed above Tm as it was found to be at the
upper limit of our measurement capabilities. The agreement between both meth-
ods was found to be less satisfactory in <111>-PMN-34PT, which was attributed
to the significant polarization fatigue observed in this material, especially around
room temperature.
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5.3. Conclusions
We have confirmed by both direct and indirect measurement the presence of a
wide temperature range above Td, where it is possible to maintain a high ECE
by applying a strong enough electric field for materials studied with more relaxor
type transitions, i.e. with the lower PT content. This result is very promis-
ing as it shows that, by using relaxor ferroelectrics with transition temperature
around -20°C, it would be possible to construct a solid state cooling cycle over a
temperature range broad enough for commercial applications.
A region with negative ECE, which could be exploited to increase the efficiency
of electrocaloric cooling cycles, was identified for <001>-oriented PMN-30PT by
both direct and indirect measurements. This negative ECE was observed in the
vicinity of the low temperature field-induced structural phase transition, which
forms intermediate lower-symmetry monoclinic phases. The occurrence of this
phenomenon was found to require the combination of two parameters :
• An offset (non-collinearity) between the direction of application of the elec-
tric field and the polar direction of the phase (monoclinic) stable at the
corresponding electric field and temperature.
• The direction of application of the electric field needs to belong to the same
plane as the mirror plane in which this lower-symmetry monoclinic phase is
free to rotate.
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6.1. BaTiO3
The<110>-bariumtitanateBaTiO3
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(BT)singlecrystals,with1mmthickness
and5mmdiameter,weregrownwiththeBridgmantechnique,(CrystalGmbH,
Germany).
Figure6.1.:Realpartofthepermittivity(100Khz,coolingat1°Cperminute)
andheatcapacity(5°Cperminute)measuredfor<110>-BTasa
functionoftemperature
Fig.6.1showstherealpartofthepermittivitymeasuredfor<110>-BTupon
coolingat100kHz.Thepeakobservedat118°Cindicatesthephasetransitionfrom
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tetragonalferroelectrictocubicparalectric.Thepeakisverysharp(∆T90
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at100kHz),whichischaracteristicofanormalﬁrstorderferroeletrictransition.
Thesharppeakobservedontheheatcapacitymeasurement,whichisalsoshown
inFig.6.1,conﬁrmsthatthetransitionisﬁrstorder.
Figure6.2.:(a)Polarizationmeasuredfor<110>-BTasafunctionofelectricﬁeld
from116.5°Cto121.5°Cwith0.5°Cincrements(Thearrowindicates
increasingtemperature),(b)Correspondingremanentandmaximum
polarizationasafunctionoftemperature.
Fig.6.2(a)showsthepolarizationmeasuredfor<110>-BTasafunctionofelec-
tricﬁeldfrom116.5°Cto121.5°Cwith0.5°Cincrements,whileFig.6.2(b)shows
thecorrespondingremanentandmaximumpolarizations.Thetemperatureofde-
polarizationwasfoundtobebetween117.5°Cand118°C,abovethistemperature
mostoftheremanentpolarizationvanishes.Itcanbeseenthatthereisrange
oftemperaturebetween118°Cand120°Cwherehighpolarizationvaluescan
stilbeinducedaboveathresholdelectricﬁeldvalue.Fig.6.2(a)showsthatthis
thresholdelectricﬁeldvalueincreaseswithincreasingtemperature,whichcorre-
spondstotheferroelectrictoparalectricphasetransitionmovingtowardshigher
temperatureunderstrongerelectricﬁelds.
Fig.6.3showstheevolutionoftheelectrocaloriceﬀect(ECE) measuredfor
<110>-BTasafunctionoftemperatureunder4diﬀerentvaluesofappliedelec-
tricﬁeld.ItcanbeseenontheinsetofFig.6.3,whichshowsabroadertem-
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Figure6.3.:ECEmeasuredfor<110>-BTasafunctionoftemperatureunder
4diﬀerentvaluesofappliedelectricﬁeld,theinsetshowstheECE
versustemperatureonabroadertemperaturescale.
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peraturerange,thataverysharpﬁrst-orderlikepeakisalsoobservedforthe
ECEaroundthetemperatureofdepolarization(Td).Oncloserlooktothepeak
itcanbeseenthatthewidthoftheECEpeakincreaseswithincreasingelectric
ﬁeld.ThemaximumECE,∆Tmax=2.02Kwasmeasuredunder7kV/cmjustabove
Tdat119.5°C,whichcoincideswel withthetemperaturewherethemaximum
polarizationdropsonFig.6.2(b).TheECEismaintainedoverafewdegreesbe-
forestartingdecreasing.ThismaximumECEcorrespondtoanECEresponsivity
(normalizedECE)of2.89.10-6m.K/V,whichisthestrongestvalueeverobserved
bydirectmeasurementonabulkmaterial.TheintensityoftheECEmeasuredin
<110>
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-BT,wouldbeenoughforcommercialapplications,howeverthetempera-
turerange(around5K)inwhichthisECEisobservedisnotwideenoughtobuild
acoolingcycle,whichiswhythekeytoECErefrigerationliesinmorediﬀused
systemssuchasrelaxorferroelecrics.
Figure6.4.:Comparisonbetweenthedirectandindirect ECE measuredfor
<110>-BTatafunctionoftemperatureunder7kV/cm.
Fig.6.4showsacomparisonbetweenthedirectandindirectECEmeasuredfor
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<110>-BT as a function of temperature under 7kV/cm. There is a good agree-
ment between the direct and indirect measurement between 116.5°C and 119°C.
The position of the maximum EC temperature change (∆Tmax), measured at
119.5°C, is also in good agreement. However the intensity of ∆Tmax measured
by indirect measurement is much higher than the direct one. According to the
Maxwell-relation-derived expression used for indirect measurement, the EC tem-
perature change (∆TEC) is proportional to (∂P∂T )E, it is then not surprising to find
∆Tmax at 119.5°C where (∂P∂T )E is maximized. The discrepancy in the absolute
value is a result of the method that was used to calculate (∂P∂T )E. As previously
mentioned, to avoid having to assume a polynomial fit of the polarization versus
temperature, the slope (∂P∂T )E was calculated by small temperature increments so
that at a temperature Tn, (∂P∂T )E=(1/2)*(
Pn−Pn−1
Tn−Tn−1 -
Pn+1−Pn
Tn+1−Tn ). However, the drop
of the maximum polarization observed above 119.5°C leads to a significant polar-
ization difference between the value at 119°C and 120°, which are used to estimate
the slope at 119.5°C. This difference leads to an overestimation of the indirect ECE
effect, which shows one of the limitations of the indirect method. Furthermore
there is a significant discrepancy between both methods above 119.5°C. After the
vanishing of most of the polarization, the ECE obtained by indirect measurement
suddenly drops, while the direct ECE keeps on decreasing more gradually. This
discrepancy could be due to the large thermal hysteresis observed for BT around
the phase transition. The Maxwell relation, upon which the equation used in the
indirect method, becomes invalid in case of strong thermal hysteresis[31].
All the measurements of real part of the permittivity, polarisation and ECE were
made upon cooling to avoid the significant fatigue observed when the <110>-BT
single crystal were poled with high fields in the low temperature orthorhombic
phase. Despite the precautions taken during the measurements, significant fa-
tigue, due to domain wall pinning was observed in BT single crystals, which
lead to a decrease of the polarization value and an increase of the leakage cur-
rents through the single crystals. However, the single crystals can be rejuvenated
by high temperature annealing, which allows the thermal agitation to break the
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Figure 6.5.: DSC response measured for <110>-BT at 120.5°C upon the applica-
tion and removal of a 7kVcm-electric field, before and after the 6-hour
annealing process at 200°C.
domain wall pinning. Before each set of measurement the <110>-BT were there-
fore annealed at 200°C for 6h. Fig. 6.5 shows the DSC response measured for
<110>-BT at 120.5°C upon the application and removal of a 7kVcm-electric field
before and after the 6-hour annealing process at 200°C. It can be seen that before
the annealing, the very strong leakage current (2.72.10 -6A) significantly brought
the baseline down (exothermic direction), which made an accurate integration of
the electrocaloric peaks impossible. However, after the 6-hour annealing step at
200°C, the leakage inside the sample was found to be 6.10 -8A in similar conditions
(electric field and temperature), which was significantly smaller, and allowed, as
shown in Fig. 6.5, an accurate measurement of the ECE effect.
6.2. BaTi0.8Sn0.2O3
BaTi0.8Sn0.2O3 was synthesized from BaCO3, TiO2 and SnO2 by conventional
solid state route. The mixed oxides were calcined at 1200°C for 14h and the ob-
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tainedcalcinedpowderwassinteredat1300°Cfor20h.Longsinteringtimeswere
chosenoverhighsinteringtemperaturesinordertopreventgraingrowthduring
sintering,asitisthoughtthathighergrainsizewoulddecreasetherelaxation-
nalfeaturesoftheobtainedrelaxorferroelectric[67].Asinglephase96%dense
ceramicwasobtained,whichwasconﬁrmedbyXRDdiﬀractogram,where,as
showninFig.6.6,onlythepeaksbelongingtotetragonalBaTiO3
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wereobserved.
Thetetragonalityoftheunitcelwasfoundtodecreasewiththetindoping,which
isinaccordancewiththeliterature[67].
Figure6.6.:XRDpatternof20%TindopedBaTiO3
AccordingtoHorchidanetal.[67]therelaxortypetransitionofBaTi0.8Sn0.2O3
shouldbeexpectedaround-20°C.However,therealpartofthepermittivityand
polarizationmeasurementswereperformedaboveroomtemperature,andshould
thereforenotshowanysignofphasetransition.Fig.6.7(a)showstherealpart
ofthepermittivityversustemperatureuponheatingat100kHz.Itcanbeseen
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that,asexpected,therealpartofthepermittivitysharplydecreasesoverthe
studiedrangeoftemperature,whichconcurswiththepositionofthemaximum
permittivitybeingsub-ambient. Similarlytheremanentpolarization,whichis
showninFig.6.7(b),isverysmalanddoesnotshowanyirregaluratiesandthe
maximumpolarizationsteadilydecreasesoverthestudiedrangeoftemperature,
whichagainconcurswithTdbeingsub-ambient. Theexponentofthemodiﬁed
Curie-WeisslawγwasestimatedbyHorchidanetal.tobearound1.7,which
makesBaTi0.8Sn0.2O3
0 50 100 150 200 250 300
0
500
1000
1500
2000
2500
3000
3500
ε 
20 40 60 80 100
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5  Pmax
 Pr
Temperature (°C)
P (
µC/
cm
2 ) 
Temperature (°C)
astrongrelaxor.
Figure6.7.:(a); Realpartofthepermittivity measureduponheatingfor
BaTi0.8Sn0.2O3at100kHZ,(b): Remanentandmaximumpolariza-tionmeasuredforBaTi0.8Sn0.2O3undera14kV/cmelectricﬁeld.
Fig.6.8showstheECEversustemperaturemeasuredforBaTi0.8Sn0.2O3under
4diﬀerentelectricﬁeldintensities.Itcanbeseenatlowtemperature(below
40°C)thattheECEfolowsthedecreasingtrendobservedontherealpartofthe
permittivitymeasurement.ThereismostprobablyapeakofECEaround-20°C,
whichcannotbeevaluatedwiththeavailableequipment.
ThemostintriguingpartoftheECEmeasurementisobservedathighertem-
peratures.Insteadoffolowingthedecreasingtrendoftherealpartoftheper-
mittivity,theECEstartsincreasingwithtemperatureabove40°C.Althoughthe
trendisnotclearatlowerelectricﬁelds,theECEseemstobereachingamaximum
between130°Cand160°Cfor12kV/cmand14kV/cm.Thepeakalsoseemstobe
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Figure6.8.:ECEversustemperaturemeasuredforBaTi0.8Sn0.2O3under4diﬀer-entelectricﬁeldintensities
increasingandbroadeningwithincreasingelectricﬁeld.Aspreviouslymentioned
thepolarnano-regions(PNRs)observedabovethetemperatureofmaximumper-
mittivity(Tm)inferroelectricrelaxorsareexpectedtocontributetoanextra
entropycontributiontotheECE. Webelievethatthesecondpeakobservedat
highertemperatureisadirectconsequenceofthepresenceofthePNRsaspre-
dictedbyDunneetal.[37].IsitsurprisingtoobservePNRssofarfromTm but
theapplicationofstrongelectricﬁeldstorelaxorshasbeshowntoinducethe
creationofPNRsattemperaturemuchhigherthanTm. Furthermore, Mueler
etal.[122]comparedthethermalexpansionofBaTi0.8Sn0.2O3withthatofBT
andestimatedtheBurnstemperature(TB)ofBaTi0.8Sn0.2O3tobeabove400°C,
whichsuggeststhatPNRscouldbefoundupto420°Cabovethephasetransi-
tion. ThetendencyofthehightemperatureECEpeaktosigniﬁcantlyincrease
andbroadenunderstrongerelectricﬁeldsisalsoinagreementwiththeprediction
ofDunneetal.,whostatedthatunderstrongenoughelectricﬁeldthetwopeaks
wouldeventualymergeintoone.Ifthatassumptioniscorrect,thenundersig-
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niﬁcantelectricﬁeldthemergingofthetwoECEpeaksinBaTi0.8Sn0.2O3would
leadtotheformationofatemperaturerangefrom-20°Cto160°
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andsigniﬁcantelectrocaloriceﬀect.Suchatemperaturerange,centredaround
roomtemperaturewouldbeatremendousachievementtowardsthedevelopment
ofaroom-temperaturesolid-staterefrigerationdevice.
Figure6.9.:Comparisonbetweenthe ECEversustemperature measuredfor
BaTi0.8Sn0.2O3under14kV/cmbydirectandindirectmeasurement.
Fig.6.9showsacomparisonbetweentheECEversustemperaturemeasuredfor
BaTi0.8Sn0.2O3under14kV/cmbydirectandindirectmeasurement.Itcanbe
seenthatalthoughthetrendandabsolutevaluesareingoodagreementatlow
temperatures,thereisalargediscrepancyabove30°C.TheindirectECEkeeps
ondecreasingasthepolarizationdecreases,whereas,aspreviouslymentioned,the
directECEstartssigniﬁcantlyincreasingwithtemperatureabove40°C. Wehave
previouslyshownthattheagreementbetweendirectandindirectmeasurement
wasgoodfor<110>-BTsinglecrystals. Agoodagreementwasalsofoundbe-
tweenbothmethodsforthePMN-30PTrelaxorsystem,howevernocomparison
wasperformedaboveTm asitwasfoundtobeattheupperlimitofourmea-
surementcapabilities. OurresultsonBaTi0.8Sn0.2O3suggestthattheindirect
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methodisnotreliableeverywhereaboveTm forstrongrelaxorferroelectrics.As
thelong-rangeferroelectricorderdisappearaboveTd,itisfairtoassumethatthe
onlycontributiontotheECEleftaboveTm isthatofthepolarnanodomains.
WheretheindirectmethodspredictsavanishingoftheECE,ourdirectmeasure-
mentshowthatisnotthecase. Thereasonforthediscrepancybetweendirect
andindirectECEmeasurementsperformedonBaTi0.8Sn0.2O3above40°Ccould
thereforebeaninabilityoftheindirectmethodtoaccountforastrongcontribu-
tionofthepolarnanodomainstotheECE.Thisobservationshowsanotherofthe
limitationsoftheindirectmethodinthecaseofstrongrelaxorferroelectric.
6.3. Na0.5Bi0.5TiO3-0.2K0.5Bi0.5TiO3
AspreviouslydescribedinChapter2,Na0.5Bi0.5TiO3formsamorphotropicphase
boundarywithK0.5Bi0.5O3
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Figure6.10.:(a):Comparisonbetweentherealpartofthepermittivityofapoled
andunpoledNBT-20KBTceramicmeasuredat10kHzuponheating,
(b):realpartofthepermittivitymeasuredforNBT-20KBTaround
Tdatfourdiﬀerentfrequencies.
Fig.6.10(a)showsacomparisonbetweentherealpartofthepermittivityofa
poledandunpoledNBT-20KBTceramicmeasuredat10kHzuponheating. Tm
wasfoundtobe287°Cforbothpoledandunpoledsamples.Therearehowever
strikingdiﬀerencesbelow145°C,whereakinkorshoulderisobservedintheper-
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mittivityofthepoledsamplebutnotinthatoftheunpoledsample.Similarlyto
whatwasobservedinpoledPMN-30PTsinglecrystals,thisanomalycorresponds
tothetemperatureofdepolarization(Td). BoththevaluesofTm andTdob-
servedinthispermittivitymeasurementareingoodagreementwiththereportof
Hirumaetal.[70],accordingtowhom,Tdcoincideswiththetemperatureofstruc-
turalphasetransitionfromferroelectricrhombohedraltoferroelectrictetragonal
forthiscompositionofNa0.5Bi0.5TiO3-xK0.5Bi0.5TiO3.Fig.6.10(b)showsthereal
partofthepermittivitymeasuredforNBT-20KBTaroundTdatfourdiﬀerentfre-
quencies.Itcanbeseenthatacharacteristicrelaxorbehaviourwithasigniﬁcant
frequencydispersionisobservedaboveTd
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,whichsuggestthepresenceofrelaxor
microdomains(ornanodomains)insteadofalong-rangeorderedtetragonalphase.
Figure6.11.:Polarization measuredasafunctionoftemperatureforaNBT-
20KBTceramicbetween130°Cand165°Cundera22kV/cmelectric
ﬁeld,theinsetshowsthepositionofTddeterminedfromtherema-nentpolarizationversustemperaturedata.
Fig.6.11showsthepolarizationmeasuredasafunctionoftemperaturefora
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NBT-20KBTceramicbetween130°Cand165°Cundera22kV/cmelectricﬁeld.
Itcanbeseenthatlargevaluesofpolarization(over25µC/cm2)areobtainedat
22kV/cm.Theinset,whichshowstheevolutionoftheremanentpolarizationas
afunctionoftemperature,placesTdaround150°
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Figure6.12.:ECEasafunctionoftemperatureforaNBT-20KBTceramicunder
fourdiﬀerentvaluesofappliedelectricﬁeld.
Fig.6.12showstheevolutionofECEasafunctionoftemperatureforaNBT-
20KBTceramicunderfourdiﬀerentvaluesofappliedelectricﬁeld.Itslowlyin-
creaseswithtemperatureuntilitreachesTd,whereasharpincreaseisobserved.
The maximumECE, ∆Tmax=0.87K,wasobservedat155°Cunder25kV/cm,
whichcorrespondstoanECEresponsivityof0.35.10-6m.K/V.Thetrendabove
Tdisunclearasnomeasurementswerepossibleabove165°C.However,ourpre-
viousresultssuggestthattheECEwilkeeponincreasinguntilTmandbemain-
tainedoverasigniﬁcantrangeoftemperatureaboveTm,asaNBT-20KBTisa
strongrelaxor.ConsideringthattheECEisreaching0.9KatTd,thisincreasing
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trendsuggeststhatveryhighECEwouldbeobtainaroundTm.AccordingtoXu
etal[68],ananaloguesystemNa0.5Bi0.5TiO3-0.06BaTiO3(NBT-06BT)showsa
Tdaround100°CandTm(100kHz)around220°
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C.Furthermore,Xuetal.found
thatNBT-06BTshowedhigherpolarizationvaluesthantheotherNBT-xBTcom-
positions. Withitstransitiontemperaturesclosertoroomtemperatureandits
enhancedpolarization,NBT-06BTcouldthereforeshowhighECEclosertoroom
temperature.
Figure6.13.:ECEasafunctionofappliedelectricﬁeld measuredforaNBT-
20KBTceramicat60°C.
Fig.6.13showstheevolutionoftheECEasafunctionofappliedelectricﬁeld
at60°C.ItcanbeseenthattheECEincreasesalmostlinearlywithelectricﬁeld
above7kV/cm,showingaregularECEresponseontheDSCmeasurement,as
shownintheinsertofthebottomrightcorner.However,Fig.6.13alsoshowsthat
anegativeECEisobservedatlowerﬁelds,around5kV/cm.Itcanbeseenin
theinsertinthetopleftcornerthatthereisreversaloftheobservedpeaks,with
anendothermicpeakobserveduponapplicationoftheﬁeldandanexothermic
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observed upon removal, as seen in <001>-PMN30PT. A negative ECE has also
been observed by direct ECE measurement on NBT[61], where it was attributed
to the presence of a field-induced phase transition from tetragonal AFE to a
more entropic tetragonal ferroelastic (FElast) phase. There is therefore a high
possibility that such a field-induced phase transition is also observed in NBT-
20KBT at low temperature, which leads to a negative ECE.
6.4. Conclusions
The electrocaloric effect of several lead-free perovskites, including both normal fer-
roelectrics and relaxor ferroelectrics have been studied. The largest ECE respon-
sivity ever observed by direct measurement on bulk material (2.89.10 -6m.K/V)
was found for <001>-BaTiO3 single crystals. A good agreement was found be-
tween direct and indirect ECE measurement on normal ferroelectrics such as BT,
except for the temperature range with thermal hysteresis. Special care had to
be taken during the characterization of BT single crystals, to avoid the fatigue
resulting from the application of high electric fields to the low temperature or-
thorhombic phase.
In addition to the peak observed around Td, strong relaxor ferroelectrics, such
as BaTi0.8Sn0.2O3, show an additional ECE peak at high temperatures above Tm.
The intensity and the width of the peak significantly increase under strong electric
fields so that the two peaks eventually merge together into one broad peak with
a maximum intensity above Tm. This results highlights the great potential of
relaxor ferroelectrics for building large cooling cycles based on the ECE.
It was also found that, although the indirect method seems reliable in the case
of normal ferroeletrics, there is a strong discrepancy between direct and indirect
methods for relaxors above Tm. The indirect ECE drops when the polarization
vanishes, whereas the direct ECE shows a second high temperature ECE peak.
The direct ECE measurement on NBT-20KBT showed promising properties. A
relatively high ECE was found near Td, however the ferroelectric to paraeletric
phase transition was found to be to high (around 300°C) for ECE measurements.
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These results show that sodium bismuth titanate Na0.5Bi0.5TiO3 (NBT)-based
materials, with low transition temperatures, such as Na0.5Bi0.5TiO3-0.06BaTiO3
(NBT-06BT) have a great potential for giving enhanced ECE over a broad range
of temperature.
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Lead-free Aurivillius phases are potential ECE materials due to their extremely
high resistance to fatigue, high dielectric strength and their tunable relaxor-type
phase transitions.
7.1. SrBi2(NbxTa1−x)2O9
SrBi2(Nb0.2Ta0.8)2O9 (SBNT(20/80)) was synthesized from analytical grade pre-
cursors SrCO3, Bi2O5, Nb2O5 and Ta2O5 by conventional solid state route. The
mixed oxides were calcined at 900 ◦C for 4h.
Figure 7.1.: DTA (blue) and TGA (red) of the homogenized oxides mixture used
in the SBNT(20/80) synthesis
The calcination temperature was estimated from DTA/TGA. In Fig. 7.1, a drop
at 850 ◦C can be seen on the TGA plot, which corresponds to the temperature at
which the CO2 release stops. The amount of CO2 released is coherent with the
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mass of 11.5 g expected from the following reaction:
SrCO3+Bi2O5+0.2 Nb2O5+0.8 Ta2O5 −→ SrBi2(Nb0.2Ta0.8)2O9+CO2 (7.1)
The DTA allows a better understanding of the mechanisms that occur during
the solid state synthesis. The two peaks around 660 ◦C and 770 ◦C observed on
the DTA plot most definitely correspond to the formation of intermediate phases
during the synthesis of SBNT(20/80). Both DTA and TGA thus suggest that
a higher temperature could be used in order to assure the complete synthesis of
SBNT, however it was found that higher calcination temperatures (above 1100
◦C) leads to a loss of stoichiometry as it favours the evaporation of Bismuth which
is very volatile[123].
Figure 7.2.: Dilatometry analysis of the SBNT(20/80) calcined powder
The X-ray diffraction patterns for the SBNT(20/80) ceramic, which will be
shown further in Fig. 7.3, revealed that a single phase BLSF material was syn-
thesised, without any secondary phases formed within the detection limit. Before
each sintering, the calcined powder was milled using a high energy milling in iso-
propyl alcohol at 300 rpm for 3h. Dilatometry analysis of the SBNT(20/80) cal-
cined powder, which is shown in Fig. 7.2, revealed the onset and offset of sintering
to be respectively at 990 ◦C and 1260 ◦C. To avoid melting during the isothermal
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sintering for 4h, the sintering temperature was set at 1200 ◦C resulting in a single
phase material with a high density of 93% of the theoretical value. The sintering
of the SBNT(20/80) pellet was performed in a sealed alumina crucible to prevent
the bismuth loss.
7.2. Pr-doped SrBi2(Nb0.2Ta0.8)2O9
Despite their very promising properties for ECE applications, not the least of
which is their extreme resistance to fatigue, Aurivillius phases come with a major
set-back: Their transition temperatures are too high (above 300◦C) to be consid-
ered for solid state cooling. However, significant decrease of the temperature of
maximum permittivity (Tm) has been reported in Aurivillius phases in cases of
doping with rare earth elements such as praseodymium[82]. Hence, it was decided
to dope SBNT(20/80) with Pr3+ in order to decrease its transition temperature
closer to room temperature. SBNT(20/80) was chosen over SrBi2Ta2O9 (SBT)
because its transition temperature was reported to be lower[77].
The X-ray diffraction patterns for the SrBi2-yPry(Nb1-xTax)2O9 ceramics are
shown in Fig. 7.3. It can be seen that a single phase BLSF was synthesized in each
case and no secondary phase was formed, which indicates that the praseodymium
was successfully introduced in the lattice. The orthorhombic symmetry is con-
served and the peaks do not shift within the detection limit of the XRD. The
volume of unit cell was found to decrease from 763.71 A˚3 to 762.38 A˚3, which
concurs with the smaller value of ionic radius of Pr3+ in a 8-fold site (1.126 A˚) in
comparison with that of Bi3+ (1.17 A˚)[124]. However, it is still unclear whether
all the praseodymium was introduced in the (Bi2O2)
2+ layer, as there has been
several reports of aliovalent exchanges between the Sr2+ A-site ion and the Bi3+
from the (Bi2O2)
2+ layer[78], as well as reports of aliovalent substitutions of rare-
earth ion such as Pr3+ in the A site[81]. It will however be assumed in this work
that most of the Pr3+ substitute Bi3+ in the (Bi2O2)
2+ layer.
Fig. 7.4(a) shows a comparison between the real part of the permittivity of
SBNT(20/80) and SrBi1.85Pr0.15(Nb0.2Ta0.8)2O9 (SBNT(20/80):Pr15) measured
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Figure7.3.:X-raydiﬀractionpatternsforthediﬀerentSrBi2-yPry(Nb1-xTax)2O9
ceramics
120
7.2.Pr-dopedSrBi2(Nb0.2Ta0.8)2O9
at100kHzasafunctionoftemperatureuponheating. Fig.7.4(a)showsthat
theincorporationofthepraseodymiumsigniﬁcantlydecreasedthepositionof
Tm fromasharppeakat303°CforSBNT(20/80)toabroadpeakat79°Cfor
SBNT(20/80):Pr15.ThedecreaseofTmwithPr-dopingconcurswiththeassump-
tionthatmostofthePr3+ionssubstituteBi3+,whichleadstoadecreaseofthe
compressivestressappliedontheperovskitelayerandthereforeadecreaseofthe
tiltingangleoftheBO6
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Figure7.4.:(a) Comparison betweenthereal partofthe permittivityof
SrBi1.85Pr0.15(Nb0.2Ta0.8)2O9andSrBi2(Nb0.2Ta0.8)2O9measuredat100kHz,(b)RealpartofthepermittivityofSrBi2(Nb0.2Ta0.8)2O9asafunctionoftemperatureatthreediﬀerentfrequencies:1kHz,10kHz
and100kHz.
Fig.7.4(b)showstherealpartofthepermittivityofSBNT(20/80):Pr15asa
functionoftemperatureatthreediﬀerentfrequencies(1kHz,10kHzand100kHz).
Asigniﬁcantfrequencydispersioncanbeobserved,whichistypicalofrelaxorfer-
roelectrics.Adecreaseinthemaximumvalueoftherealpartofthepermittivity,
m,isobservedwithincreasingfrequencyinadditiontoanincreaseinthetemper-
aturepositionTm. ThefrequencydispersionobservedinSBNT(20/80):Pr15is
muchlargerthanthatreportedforanySrBi2(Nb1-xTax)2O9(SBNT)ceramics[78,
82,90];itwouldthereforeseemsthat,inadditiontodecreasingthetempera-
tureoftransition,theintroductionofthepraseodymiumincreasedthedegree
ofrelaxationofthesystem. Thisobservationconcurswithreporteddataob-
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tainedonothercompositionsofSBNTceramicsdopedwithpraseodymiumand
otherrareearths[82,90].∆T90wasfoundtobe21.2°Cat100kHzforundoped
SBNT(20/80)and94.8°CforSBNT(20/80):Pr15. Thisdiﬀerenceofmorethan
70°CshowshowsigniﬁcantlymorediﬀusedthephasetransitionisinthePr-doped
Auriviliusphase.Furthermore,theexponentofthemodiﬁedCurie-Weisslawγ
wasfoundtobearound1.4,whichisatypicalvalueforrelaxorferroelectrics,
whileγ
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forSBNT(20/80)isonly1.05,whichisveryclosetothevalueforanor-
malferroelectric.
Figure7.5.:(a)UpperbranchoftheP-Eloopsasafunctionoftemperature
measuredforSBNT(20/80):Pr15between24°Cand110°Cundera
60kV/cmappliedelectricﬁeld,(b)Remanentpolarizationmeasured
forSrBi2(Nb0.2Ta0.8)2O9asafunctionoftemperature.
Fig.7.5(a)showstheevolutionoftheupperbranchoftheP-Eloopsasafunc-
tionoftemperaturemeasuredforSBNT(20/80):Pr15between24°Cand110°C
undera60kV/cmappliedelectricﬁeld.Itcanbeseenthatevenforelectricﬁeld
asstrongas60kV/cm,theremanentpolarizationvaluesareverysmal,barely
over1µC/cm2at24°C.Suchsmalremanentpolarizationvalueswereexpected
fromdopingwithanionwithoutlonepairelectronsuchasPr3+.Thecompressive
stressfromthebismuthoxidelayerissmaleraroundthesitessubstitutedwith
praseodymium,whichleadstoadecreaseoftheBO6octahedradistortionand
givesrisetosmalerpolarizationvalues[83].Thepolarizationdatapresentedin
Fig.7.5(a)wasusedtoevaluatetheindirectECE,whichwilbediscussedlater.
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Fig.7.5(b)showstheremanentpolarizationversustemperatureundera40kV/cm
electricﬁeld,morepointsweretakenbetween24°Cand60°Cinordertoaccu-
ratelyidentifythetemperatureofdepolarization(Td),wheretheslopedPr/dTis
maximum.thetemperatureofdepolarization(Td)wasfoundtobearound43°
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althoughitsdeterminationwasharderthanfornormalferroelectricsasthedepo-
larizationprocessoccursoverabroadrangeoftemperatureinSBNT(20/80):Pr15
duetoitsrelaxor-likeproperties.
Figure7.6.:Evolutionof∆TECofSBNT(20/80):Pr15directlymeasuredasafunc-tionoftemperatureforseveralvaluesofappliedelectricﬁeldfrom
18kV/cmto55kV/cm.
Fig.7.6showstheevolutionof∆TECofSBNT(20/80):Pr15directlymeasuredas
afunctionoftemperatureforseveralvaluesofappliedelectricﬁeldfrom18kV/cm
to55kV/cm.Itcanbeseenthatforlowerﬁeldvalues(under40kVcm),∆TEC
measuredaroundTdissmalcomparedtoreportedECEonotherbulkmate-
rials[30]andnopeakisobserved. HoweverFig.7.6alsoshowsthattheECE
signiﬁcantlyincreasesunderlargerappliedﬁeld,itreachesvaluesaround0.2Kun-
der55kVcm,whichisstilfarfromthedielectricstrengthoftypicalSBT-derived
Auriviliusphase,estimatedtobearound300kV/cm[125].Thisobservationsug-
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gests that larger ECE could be obtained around Td for this material by applying
larger electric fields and emphasises the importance of the dielectric strength of
bulk materials as stated by Valant[6]. Furthermore the evolution of ∆TEC of
SBNT(20/80):Pr15 as a function of temperature is different from that commonly
observed[30]. In most known EC systems, the ECE increases sharply at Td, is then
maximized around Tm and starts decreasing in the paraelectric state. However
no notable increase of the ECE is observed around Td for this material but the
ECE starts increasing significantly, almost exponentially, a few tens of degrees
above Tm. This increase of the ECE becomes more important under a larger
applied electric field. Similarly to what we observed in tin-doped barium titanate
BaTiO3 (BT), this phenomenon is most likely due to the formation and align-
ment of field-induced polar nanodomains, due to the Sr/Bi, Pr/Bi, Pr/Sr and
Ta/Nb disorders and the different resulting cation and oxygen vacancies. These
polar nanodomains are maintained well above the temperature of depolarization
and only disappear above the Burns temperature (TB), which can be significantly
higher than Td in strong ferroelectric relaxors. The observed enhanced ECE can
therefore be expected to occur on a broad temperature range from Td to TB.
This result underlines again the promising fixtures of ferroelectric relaxors for the
development of the ECE refrigeration technology.
Fig. 7.7(a) shows ∆TEC estimated by the indirect method and using the P-E
data shown in Fig. 7.5(a). It can be seen that the ECE is maximized between Td
and Tm, around 50°C or 60°C depending on the electric field values. Fig. 7.7(b)
shows a comparison between the ∆TEC obtained by the direct and the indirect
method under a 60kV/cm applied electric field. The direct and indirect measure-
ments coincide under Tm but completely diverge above Tm. The ECE obtained by
indirect measurement is almost completely suppressed as the polarization vanishes
at higher temperature. We have previously shown that the agreement between
direct and indirect measurements was good for the PMN-PT relaxor system be-
low Tm, however, as shown for Sn-doped BT, it does not seem to be the case
for relaxor ferroelectric above Tm. The discrepancy between direct and indirect
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Figure7.7.:(a):∆TECofSBNT(20/80):Pr15obtainedbyindirectmeasurementsunderdiﬀerentappliedelectricﬁelds,(b):comparisonbetweenthe
directandindirectECEat60kV/cm.
ECEmeasurementsonSBNT(20/80):Pr15aboveTm conﬁrmsthat,althoughit
isabletoprovideanestimationoftheﬁeld-inducedentropychangesemerging
fromthelongrangeferroelectricorderasseeninBT,theMaxwelrelationcannot
accountfortheentropycontributiontotheECEoftheshort-range-orderedpolar
nanodomainsfoundaboveTm inrelaxorferroelectrics. Thisobservationshows
themajorlimitationoftheindirectmethodinthecaseofrelaxorferroelectric.
7.3. Ba-dopedSrBi2(Nb0.2Ta0.8)2O9
ThepropertiesofSBNTcanalsobetunedbyisovalentsubstitutionofSr2+by
Ba2+intheA-site[83].SimilarlytoPrdoping,thissubstitutionleadstoadecrease
ofthetransitiontemperatureandonincreaseoftherelaxionalbehaviour.
ThesynthesisofSr0.5Ba0.5Bi2(Nb0.2Ta0.8)2O9(SBNT(20/80):Ba50)wasnot
straightforwardasthesinteringat1200°C,whichwasnecessarytoreachvery
highdensityvalues,leadtotheformationofasecondaryphase.TheX-raydiﬀrac-
tionpatternsofthecalcinedpowder(900°Cfor5h)alongwithpeletssintered
at1200°Cand1100°CaregiveninFig.7.8.Itcanbeseenthatanewsetof
peaksappearedinthepatternofthepeletsinteredat1200°C,whichcorrespond
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Figure7.8.:X-ray diﬀraction patterns of the calcined powder of
Sr0.5Ba0.5Bi2(Nb0.2Ta0.8)2O9 and pelets sintered at diﬀerentconditions
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totheformationofasecondaryphase.Thisphase,whichismarkedwithaster-
isksontheplot,wasidentiﬁedtobetungstenbronzestrontiumbariumniobate
Sr0.50Ba0.50Nb2O6(SBN(50/50)),whichisknowntoformaround1200°C.Inorder
topreventtheformationofSBN(50/50),butstilobtainhighenoughdensities
forferroelectricmeasurements(highporosityleadstohighleakageandlowdi-
electricstrength),thepeletsweresinteredat1100°C.AsshowninFig.7.8this
processgaveasinglephasepelet. Thedensitywasfoundtobearound93%of
thetheoreticalvaluefor1100°
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Figure7.9.:(a): RealpartofthepermittivitymeasuredforSBNT(20/80):Ba50
uponheatingatfourdiﬀerentfrequencies,(b): Estimationofthe
exponentofthemodﬁdiedCurie-WeissLawγfor100kHz,10kHzand
1kHz.
TherealpartofthepermittivitymeasureduponheatingforSBNT(20/80):Ba50
atdiﬀerentfrequenciesisgiveninFig.7.9(a).Itcanbeseenthatthepositionof
Tm at100kHzwassigniﬁcantlydecreased,from303°Cto105°C.Therelaxional
propertiesofSBNT(20/80):Ba50werealsofoundtobeverystrong:Thepeakis
muchbroaderthanthatobservedfoSBNT(20/80),showninFig.7.4(a),andthe
frequencydispersionisveryimportant,withamaximumofpermittivityshifting
tolowertemperatureswithincreasingfrequencies.∆T90at100kHzwasfoundto
be93.6°C,whichismuchlargerthanforSBNT(20/80)whichwas21.2°C.The
exponentofthemodiﬁedCurie-Weisslawγ,whichisshowninFig.7.9(b),was
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foundtobe1.82.Thisvalueischaracteristicofthestrongestferroelectricrelaxors
andisverycloseto2,whichisconsideredastheγ
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Figure7.10.:Remanent and maximum polarization measured for
SBNT(20/80):Ba50asafunctionoftemperatureunder50kV/cm.
TheremanentandmaximumpolarizationmeasuredforSBNT(20/80):Ba50as
afunctionoftemperatureunder50kV/cmisgiveninFig.7.10.Itcanbeseen
thatifatemperatureofdepolarizationisobservedinSBNT(20/80):Ba50,which
meansthatthecorrelationlengthsofthepolardomainshavebecomelargeenough
tocreatealong-rangeferroelectricorder,thenitoccursattemperaturesmuchbe-
lowroomtemperatureasnoirregularitiesisobservedandthevaluesofremanent
polarizationevenat20°C.Itisinterestingtonoticethat,aspredictedinapure
relaxorferroelectric,thephasetransitionisverybroadandthemaximumpolar-
izationdecreasesveryslowlywithtemperature,evenaboveTm.
TheECEmeasuredforSBNT(20/80):Ba50asafunctionoftemperaturefor
diﬀerentvaluesofappliedelectricﬁeldisgiveninFig.7.11.Itcanbeseenthat
theECEfolowstheincreasingtrendoftherealpartofthepermittivitybe-
lowTm (100kHz). However,insteadofdecreasingaboveTm,theECEkeepson
increasingwithtemperature.themaximumECtemperaturechange(∆Tmax)
wasmeasuredat140°Cunder50kV/cmandwasfoundtobe0.78K,whichis
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Figure7.11.:ECEmeasuredforSBNT(20/80):Ba50asafunctionoftemperature
fordiﬀerentvaluesofappliedelectricﬁeld.
abouttwicetheECEthatwasmeasuredinSBNT(20/80):Pr15insimilarcon-
ditions.Similarlytotheotherrelaxorferroelectricsstudiedinthischapter,the
maximumECEisnotobservedatthephasetransitionbuthigher:Forlowerelec-
tricﬁeldvalues(20kV/cm)theECEstartstoslightlydecreasebeforeincreasing
againathighertemperatures.Forhighervaluesofappliedﬁeld(50kV/cm),the
ECEkeepsonincreasingaboveTm uptovalueswelabovethephasetransition.
ThebehaviourobservedinSBNT(20/80):Ba50showsmoresimilaritywiththat
ofSBNT(20/80):Pr15thanSn-dopedBT,wherethereseemstobeasigniﬁcant
decreaseoftheECE,folowingthetrendoftherealpartofthepermittivitybefore
thesecondECEpeakappears.InthetwostudiedAuriviliusphases,theincrease
oftheECE,causedbytheoccurrenceofthesecondECEpeak,startsalmost
immediatelyafterTm. However,thisdiﬀerencecouldjustbeduetothemuch
smalervaluesofelectricﬁeldappliedtotheperovskite.Asmentionedearlierthe
applicationoflargerelectricﬁeldisthoughttosigniﬁcantlybroadenandincrease
theintensityofthehightemperatureECEpeak.ThissecondECEpeakappears
tooriginatefromtheimportantchemicaldisorderinrelaxorsandbeindependent
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from the long-range ferroelectric order observed at lower temperatures.
7.4. Conclusions
The electrocaloric effect of bismuth layer structured ferroelectrics (BLSF) was
characterised for the first time by direct measurement. The temperature of the
relaxor-type transition of SBNT(20/80) was successfully decreased down to values
much closer to room temperature, by isovalent substitutions in the A site as well as
in the bismuth oxide layer. The ECE was found to follow the trend of the real part
of the permittivity versus temperature up to Tm. As observed earlier in strong
relaxor ferroelectrics, the ECE kept on increasing above Tm over a broad range
of temperature. The position of the upper limit of this region of enhanced ECE
versus temperature, which we assumed to be around TB, was not confirmed, as it
was found to be at higher temperatures than the equipment allowed. As expected,
the high dielectric strength of the studied Aurivillius phases allowed strong electric
field to be applied, up to 60kV/cm on bulk samples. However no ECE higher than
0.8K was observed, most probably due to small values of polarization observed in
the studied materials. This work on Aurivillius phases highlighted the potential
of these material to obtain the broad range of working temperatures, necessary to
establish an efficient cooling cycle based on the ECE. However, other substitutions
should be studied in order to find a better trade-off between the lowering of the
position of the phase transition and the resulting decrease in polarization. A focus
on aliovalent substitutions could be beneficial as they have been shown to lead to
the formation of much larger polar nanodomains[126]. Although the substitution
mechanisms is already partially aliovalent in BLSF, due to the numerous cation
exchanges between the A site of the double perovskite and the bismuth oxide layer,
additional aliovalent substitutions could be the key to the formation of ECE high
enough for commercial applications in Aurivillius phases.
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Lead-free tungsten bronzes are potential ECE materials due to their highly anisotropic
properties, and their tunable relaxor-type phase transitions close to room tem-
perature and their high pyroelectric coefficients.
8.1. SrxBa1−xNb2O6 by conventionnal sintering
The electrocaloric effect of Sr0.53Ba0.47Nb2O6 (SBN(53/47)) was studied because,
as seen in Chapter 2, SBN(53/47) shows one of the the highest pyroelectric coef-
ficient observed in ceramics[48].
Figure 8.1.: DTA (blue) and TGA (red) analysis of the homogenized oxides mix-
ture used in the SBN(53/47) synthesis
To synthesize SBN(53/47) the mixture of analytical grade precursors SrCO3,
BaCO3 and Nb2O5 was calcined at 1200 ◦C for 4h. The calcination temperature
was estimated from DTA/TGA analysis. In Fig. 8.1, a drop at 850 ◦C can be seen
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on the TGA plot, it corresponds to the temperature at which the CO2 release
stops. The amount of CO2 released is coherent with the mass of 14.7 g expected
from the reaction :
0.53 SrCO3 + 0.47 BaCO3 +Nb2O5 −→ Sr0.53Ba0.47Nb2O6 + CO2 (8.1)
Furthermore, the two soft peaks around 720 ◦C and 810 ◦C observed on the DTA
plot most definitely correspond to the formation of the SrNb2O6 and BaNb2O6
as intermediate phases in the synthesis of SBN as reported by Lee et al.SBN[127]
:
SrCO3 +Nb2O5 −→ SrNb2O6 + CO2 (8.2)
BaCO3 +Nb2O5 −→ BaNb2O6 + CO2 (8.3)
0.53 SrNb2O6 + 0.47 BaNb2O6 −→ Sr0.53Ba0.47Nb2O6 (8.4)
From Fig. 8.1 it can be assumed that the synthesis is complete above 800 ◦C.
However to assure complete reaction between the formed intermediates, a higher
temperature for calcination was chosen.
XRD of the calcined powder, which will be shown further in Fig. 8.8, reveals
that the calcined powder is single phase. The a/b and c cell parameters obtained
from the Rietvelt refinement of the XRD analysis are 1.2462 nm and 0.3946 nm,
respectively. In 2006 Podlozhenov et al proposed a second order polynomial equa-
tion linking the cell parameters to the composition of SBN[128]. According to this
equation these cell parameters correspond to a composition of SrxBa1−xNb2O6
with x between 0.54 and 0.57, which is close to the nominal composition x=0.53.
Before each sintering, the calcined powder was milled using a high energy milling
in isopropyl alcohol at 300 rpm for 3 hrs. Dilatometry analysis of the SBN(53/47)
calcined powder, which is shown in Fig. 8.2, revealed the onset and offset of sin-
tering to be respectively at 1260 ◦C and 1410 ◦C. The temperature difference
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between the on-set and the completion of sintering is very small and the sample
starts melting around 1430 ◦C. To avoid melting the isothermal sintering was set
at 1380 ◦C for 4hrs.
Figure 8.2.: Dilatometry analysis of the SBN(53/47) calcined powder
However some problems were encountered when sintering at 1380 ◦C. Fig. 8.3(a)
shows the secondary electron microscope (SEM) image obtained for SBN sintered
at 1380 ◦C for 4 hrs. The ceramic obtained through conventional single step
sintering displays a duplex microstructure with a mixture of large abnormal grains
and fine grains. This abnormal grain growth is due to the formation of a Nb-rich
Ba3Nb10O28 liquid phase at the grain boundary at 1350 ◦C[127, 129, 130]. During
the conventional sintering of SBN, small amounts of SrNb2O6 and BaNb2O6 are
formed from the single phase SBN, due to different diffusion coefficients of Sr and
Ba. Interdiffusion occurs at the interfaces between SBN and the newly formed
phases, which leads to the creation of a Nb-rich phase at the interfaces.
Fig. 8.3(b) shows the SEM image obtained through dual-sintering (presintering
at 1250 ◦C for 4 hrs followed by sintering at 1380 ◦C for 4h), it can be seen that
the abnormal grain growth is suppressed by using a pre-sintering step at 1250
◦C . Dual-sintering lead to a dense ceramic with 95% density of the theoretical
value and a homogenous grain size about 7 µm. EDX of the dual-sintered pellet
confirmed the composition obtained for the calcined powder by XRD analysis. The
Back-Scattering (BS) image of the surface of the SBN(53/47) dual-sintered pellet,
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Figure 8.3.: (a): SEM image of the SBN(53/47) ceramic obtained through conven-
tional sintering at 1380◦C for 4h, (b): SEM image of the SBN53/47
ceramic obtained through dual sintering
which is shown in Fig. 8.4, confirms that the ceramic obtained after sintering is
single phase.
Figure 8.4.: Back-Scattering (BS) image of the surface of the SBN(53/47) dual-
sintered pellet
Once a dense SBN(53/47) ceramic was obtained, it was possible to perform
dielectric and ferroelectric measurements. Fig. 8.5 shows the real part of the
permittivity measured for SBN(53/47) upon heating at 100kHz. The maximum
was found to be at 119°C, which is in good agreement with reported values for
this composition[47, 48, 96]. The inset shows the estimation of the exponent of the
modified Curie-Weiss law, which was found to be γ=1.03. Finding a value of γ so
close to 1 is consistent with the fact that SBN only becomes a relaxor ferroelectric
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0.5,SBN(53/47)isthereforeexpectedtohaveveryweak
relaxionnalbehaviourwithpropertiesclosetothatofnormalferroelectrics.
Figure8.5.:RealpartofthepermittivitymeasuredforSBN(53/47)uponheating
at100kHz
TheP-Eloopsobtainedfor4diﬀerenttemperaturesaregiveninFig.8.6It
showsthattheremanentpolarizationvanishesbetween90◦Cand120◦C,which
isinagreementwiththevalueofTd=105◦Cfoundintheliterature[131].
Fig.8.7showsacomparisonbetweenthedirectandindirectECEobtainedfor
SBN(53/47)undera19kV/cmelectricﬁeld.Itcanbeseenthatasharpincrease
oftheECEisobservedbetween90°Cand110°C,whichisingoodagreementwith
thepositionofthetemperatureofdepolarization(Td)thatweestimatedfromthe
polarizationversusmeasurement.
Above110°C,theECEremainsconstantoverabroadrangeoftemperature
until160°C,whichcorrespondswel withthebroadpeakobservedforthereal
partofthepermittivity.
TheECEishoweververysmal withthemaximumECtemperaturechange
(∆Tmax)measuredfor140°Cfoundtobearound0.1K.Thisvaluecorrespondsto
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Figure8.6.:P-EloopsmeasuredforSBN(53/47)under35kV/cmat4diﬀerent
temperaturesbeforeandaftertheferroelectrictoparaelectricphase
transition.
Figure8.7.:ComparisonbetweentheECEobtainedbydirectandindirectmethod
forSBN(53/47)undera19kV/cmelectricﬁeld.
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anECEresponsivityofaround0.05.10-6m.K/V,whichisveryweakincompar-
isonwithotherECEvaluesreportedforbulkmaterials. Although,theindirect
measurementwasonlyperformedfor3diﬀerenttemperatures,itwasfoundtoﬁt
wel withthedirectECEmeasurement,bothintrendandabsolutevalues.
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AlthoughtheECEwasfoundtoberelativelysmalinrandomlyorientedSBN(53/47),
itisexpectedtobehighlyenhancedingrain-orientedstructures.
Figure8.8.:ComparisonbetweentheXRDpatternsofthecalcinedSBN(53/47)
powder(randomlyoriented)andthegrain-orientedceramic.
Grain-orientedceramicswerepreparedusinghotforging,whichreliesonapply-
ingahighpressuretothepeletduringsintering.TheSBNgrainspreferentialy
growinthe<001>direction,itisthereforepossibletoobtain<001>-oriented
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ceramics by applying a pressure to the pellet during sintering, which limits the
grain growth in the direction of pressing and forces the grain growth to occur in
the perpendicular plan. SBN(53/47) pellets were first presintered at 1250°C for
4h, as it was shown earlier that this steps prevents the abnormal grain growth ob-
served in conventionally sintered SBN. The pre-sintered pellets were then placed
in a hot press (model), where they were subjected to a 13kPa pressure at 1380°C
for 4h.The grain-oriented pellet was then cut in two different directions : parallel
to the pressing direction (//) and perpendicular to this direction (⊥ ) . A com-
parison between the XRD patterns of the calcined powder (randomly oriented)
and the grain-oriented ceramic (⊥ ) is given in Fig. 8.8. It can be seen in Fig. 8.8
that the (00l) peaks, such as (001) and (002), have become more intense, while the
(hk0) peaks, such as (140), have decreased in intensity, which indicate a preferen-
tial orientation along the <001> direction. The Lotgering factor in the <001>
direction was found to 0.26, which corresponds to a 26% orientation of the grains
in the <001> direction.
Figure 8.9.: Picture of carbon-contaminated SBN(53/47) hot pressed ceramics.
Although the SBN(53/47) grain oriented ceramics were successfully synthesized,
several problems came with the use of the hot press. The main one was the fact
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thatthedies,whichwereusedtoapplytheuniaxialpressureduringthehotpress-
ing,weremadeofcarbon.Thiscarboncontaminatedthepelets,whichbecame
completelyblack,asshowninFig.8.9.Duetotheconductivepropertiesofcarbon
thepeletshadbecometooleakyforanyferroelectricorECEmeasurements.To
preventthiscontamination,thepresinteredpeletwassandwichedbetweentwo
aluminaplatesduringthehotpressing.Howeverthealuminacouldnotwithstand
the13kPapressureandbroke,thereforeaddingtothecontaminationofthepelet.
Figure8.10.:XRDpatternsofthegrain-orientedceramicSBN(63/37)(⊥).
Toavoidthecarboncontaminationasetofdiesforthehotpress,madeoutof
aninsulatingmaterialcanbeused. TwograinorientedSBN(63/37)fromsuch
aset-upwereprovidedbyVenetetal.[132]fromtheUniveristyofSaoCarlos
inBrazil:one//andone⊥.Fig.8.10showstheXRDpatternsofthegrain-
orientedceramicSBN(63/37)(⊥).Unfortunatelythegrainorientationachieved
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fortheseSBN(63/37)wassmalerthanforSBN(53/47).TheLotgeringfactorin
the<001>directionwasfoundtoonlybe6%for⊥
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SBN(63/37),comparedto
the26%obtainedforSBN(53/47).
Figure8.11.:(a)Comparisonbetweenthepermittivitymeasuredasafunctionof
temperaturefor//and⊥ SBN(63/37)at100kHz,(b)Comparison
betweenthepolarizationmeasuredasafunctionofelectricﬁeldfor
//and⊥ SBN(63/37)at40°Cunder19kV/cm.
Fig.8.11(a)showsacomparisonbetweenthepermittivitymeasuredasafunc-
tionoftemperaturefor//and⊥ SBN(63/37)at100kHz.Itcanbeseenthat
themaximumpermittivityforthe⊥ sample(2601)issigniﬁcantlyhigherthat
thatof//(1387). Theratiobetweenthe⊥ and//permittivitieswasfound
tobearound1.9. Venetetal.[132]performedsimilarmeasurementsonslightly
moreorientedSBN(63/37)samples,withaLotgeringfactoraround16%. They
measuredasimilarvalueforthepermittivityof//SBN(63/37),around1420,and
foundamuchhighervaluefor⊥,around4640,whichbringstheratioupto3.3.
IfweassumealinearevolutionofthepermittivityversusLotgeringfactorthena
setofsampleswith82%orientationwouldshowaratioofpermittivityofaround
12.4.AsmentionedinChapter2,Duranetal.[47]managedtoobtainSBN(53/47)
withveryhigh<001>-orientationusingacombinationoftemplatedgraingrowth
andtapecasting.TheobtainedaLotgeringfactorof82%andalthoughthecom-
positionthattheystudiedisslightlydiﬀerentfromthisthesis,theyfoundaration
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betweenpermittivitiesofaround12,whichwouldtendtoconﬁrmthelinearde-
pendencyofpermittivityversusLotgeringfactorandprovesthatpermittivities
upto15timesstrongercouldbeobtainedina100%<001>-orientedSBNce-
ramic.TheexponentofthemodiﬁedCurie-Weisslawγwasfoundtobearound
1.35forbothsamples,whichisconsistentwithSBN(63/37)beingastrongerre-
laxorthanSBN(53/47),forwhichwefoundγ=1.03,andisinagreementwiththe
literature[96].
Fig.8.11(b)showsacomparisonbetweenthepolarizationmeasuredasafunc-
tionofelectricﬁeldfor//and⊥ SBN(63/37)at40°Cunder19kV/cm.Itcan
beseenthatalthoughtheremanentpolarizationissurprisinglyrelativelysimi-
larforbothorientations,themaximumpolarizationachievedfor⊥ SBN(63/37)
(4.99µC/cm2)isabout1.4timeshigherthatthatof//(3.57µC/cm2
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thatthedependenceofthemaximumpolarizationwithLotgeringfactorseemsto
besmalerforthepolarizationthanfortherealpartofthepermittivitywould
indicatethatthedependenceoftheECEwilprobablybesmaleraswel.
Figure8.12.:Comparisonbetween//(red)and⊥ (black)SBN(63/37)forthe
measurementofthe(a)maximum( )andremanent(•)polarizations
under19kV/cm,(b)correspondingindirectECE.
Fig.8.12(a)showsacomparisonthebetweenmaximumandremanentpolariza-
tionsmeasuredfor//and⊥ SBN(63/37)under19kV/cm.Itcanbeeseenthat
theratiobetweenthemaximumpolarizations(1.4at40°C)wasfoundtodecrease
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withincreasingtemperature.Adropofremanentpolarizationisobservedforboth
orientationbetween25°Cand80°C,howevernoconclusionscanbedrawnregard-
ingthepositionofTdasthetemperaturewherethepolarizationstartsvanishing
couldnotbeidentiﬁedinthethestudiedrangeoftemperature. Theshapeof
theremanentpolarizationonlyindicatesthatTdissomewherebelowroomtem-
peratureforbothsamples.Fig.8.12(b)showsacomparisonbetweentheindirect
ECEestimatedfor//and⊥ SBN(63/37)under19kV/cm.Thesamedecreasing
trendisobservedforbothsamples.ThepeakofindirectECE,whichcorresponds
tothemaximumoftheslope(∂P∂T)E,wasnotobservedinthisstudiedrangeof
temperatureasTdwasidentiﬁedtobebelowroomtemperature. Asexpected
fromthepolarizationdata,theindirectECEmeasuredin⊥ SBN(63/37)was
largerthanthatmeasuredforthe//sample.TheratiobetweentheindirectECE
of⊥
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andthatof//wasfoundtoberelativelyconstantwithtemperature,with
anaveragevaluearound1.83.
Figure8.13.:ComparisonbetweentheECEmeasuredfor//(red)and⊥ (black)
SBN(63/37).
Fig.8.13showsacomparisonbetweenthedirectECEfor//and⊥ SBN(63/37)
under19kV/cmwhereasimilartrendisobservedforbothorientations.TheECE
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sharply increases with temperature until around 90°C, where it starts stabilizing
towards a constant value. It appears that the ECE starts decreasing at higher
temperatures, although it is less obvious for ⊥ than for // SBN(63/37). Similarly
to the indirect ECE, The ratio between the ECE of ⊥ and that of // was found
to barely change with temperature, although it was found to be smaller than that
observed by indirect measurement with an average value around 1.14. Similarly to
the other studied relaxor important discrepancies were found between the direct
indirect ECE.
8.3. Sr0.53Ba0.47Nb2O6 thin films
In order to characterize the polar anisotropy of tungsten bronze SBN, epitaxial
thin films were grown on substrates in different crystallographic orientations. The
SBN target was produced by the dual-sintering process described in Section 8.1.
<001>-SrTiO3 single crystals and <110>-SrTiO3 single crystals, which have a
cubic perovskite structure, were used as a substrate to obtain epitaxially grown
tetragonal tungsten bronze SBN films.
Thickness Amount of Frequency Temperature O2 Pressure Annealing
(nm) pulses (Hz) (◦C) (mTorr) time (min)
300 4*2500 8 700 100 4*60
Table 8.1.: Deposition conditions for the SBN thin films deposited on STO single
crystal substrate
Film growths were always performed in 4 subsections, each of which were fol-
lowed by an intermediate O2 annealing step in order to recover the film from the
formation of oxygen vacancies, which is commonly found in high vacuum depo-
sition. SrTiO3 (STO) was chosen as a substrate for the SBN growth because it
has a perovskite structure with the same four-fold symmetry in the c-plane as the
tungsten-bronze structure of SBN. Furthermore, the lattice parameter of STO
(aSTO=0.3905 nm) is three times smaller than that of SBN (aSBN=1.2465 nm),
which allows the epitaxial growth of 1 x 1 unit cell of SBN on 3 x 3 unit cells of
STO with a small lattice mismatch of less than 1%[133].
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SBN(53/47) thin films with a thickness of 400 nm were grown on SrTiO3
single crystal substrate using the parameters given in Table. 8.1. The XRD of
the SBN(53/47) thin film grown on <001>-STO substrate, showing an epitaxial
growth in the <001> direction and no secondary phases, is given in Fig. 8.14.
Figure 8.14.: XRD of SBN(53/47) thin film grown on <001>-STO substrate
As no bottom layered electrode was deposited, only coplanar measurements
could be performed. As the polar direction is <001> and the field were deposited
in the <001> direction, the polarization measured in the a-b plane was very
small, and this technique was abandoned.
8.4. Conclusions
Tungsten bronze SBN ceramics were successfully synthesized by using a dual-
step sintering, which prevents the formation of the intermediate liquid phases
responsible for the abnormal grain growth. Direct ECE measurements were done
on SBN(53/47) but a very small ECE was found(<0.15K). A good agreement was
found between the direct and indirect ECE measurements as SBN(53/47) is only
a weak relaxor ferroelectric.
Grain-oriented SBN(53/47) ceramics were successfully synthesized with a 26%
orientation in the <001> direction. The real part of the permittivity, polariza-
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tion and direct and indirect ECE were compared for SBN(63/37) samples cut in
different orientations. The permittivity was found to strongly increase with the
Lotgering factor and we predicted that a permittivity up to 15 times stronger
could be obtained in a 100% <001>-oriented SBN. However this orientation de-
pendence was found to be smaller for the polarization and the ECE than the
permittivity. A large discrepancy, in both trend and absolute value, was found
between the direct and indirect ECE performed on SBN(63/37), which was found
to be a significantly stronger relaxor than SBN(53/47).
Single-phase epitaxial SBN(53/47) thin films were successfully grown on<001>-
SrTiO3 substrates. Due to coplanar electroding the absolute values of the P-E
loops were too small and it is suggested to take the epitaxial film growth of this
promising ECE material further.
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9. Conclusions and future work
This thesis has described the potential of relaxor ferroelectrics for solid state cool-
ing based on the electrocaloric effect. The core of this investigation was to identify
the reliable methods to correctly evaluate the electrocaloric effect and develop ma-
terials with the properties required for commercial electrocaloric cooling.
A thorough review of the state-of-the-art electrocaloric research revealed that
too many research groups still rely on the ECE indirect evaluation and highlighted
the need for direct ECE measurement systems. The first step was therefore to
build such a system, which also allowed the indirect estimation in order to examine
and judge the limitations and validity of these two methods.
A direct electrocaloric measurement set-up based on a modified-differential
scanning calorimeter, allowing the acquisition of both thermal (ECE, heat ca-
pacity) and electrical (P-E loops, leakage current) information simultaneously,
was successfully constructed and benchmarked. The heat losses during the ECE
measurement were thoroughly estimated and accounted for. The ECE values ob-
tained with our set-up were compared with selective and relevant literature data
from other direct ECE measurement systems, and a good agreement was found
which confirmed the reliability of the method.
The electrocaloric effect was studied by direct measurements on several highly
polar materials, in particular normal and relaxor ferroelectrics, with structural
phase transitions in a temperature range relevant for our measurement system.
For most of these systems the direct ECE measurement presented here are the
first ever reported.
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9.1. Normal ferroelectrics
The measurements on normal ferroelectrics, such as <110>-BaTiO3 single crys-
tals, confirmed the temperature where the maximum ECE is observed to be just
above the temperature of depolarization (Td). This range of temperature coincides
with where the maximum polarization rise (∆P−Pmax−Pr) is observed. The max-
imum ECE, ∆Tmax=2.02K was measured for <110>-BaTiO3 under a 7kV/cm
electric field. This ECE corresponds to an ECE responsivity of 2.89.10 -6m.K/V,
which is the highest ever reported by direct measurement on a bulk material. Such
a high ECE (above 2K) would already be enough for commercial applications as
Karmamenko et al.[5] have shown that, with the right design, it would provide
a refrigeration cycle with an efficiency of 60% of the Carnot cycle. However the
broad range of temperature required to establish a cooling cycle for a house-hold
refrigerator (around 70K) could never be obtained with a normal ferroelectric,
which emphasizes the need to study the ECE of relaxor ferroelectrics. Compari-
son between direct and indirect measurements performed on <110>-BaTiO3 were
found to show good agreement in both trend and absolute values, with the excep-
tion of a small range of temperature a few degrees above Td. This discrepancy
was attributed to the thermal hysteresis associated to these temperatures. Fu-
ture work on BaTiO3 single crystals should include ECE measurement in other
crystallographic directions than <110> in order to further study the anisotropy
of the electrocaloric effect.
9.2. Lead-containing relaxor ferroelectrics
The highest ECE (∆Tmax=0.65K), measured on lead-containing relaxors, was
found in<001>-PMN-30PT single crystals for an applied electric field of 10kV/cm
in the <001> direction just above the temperature of depolarization. The ECE
measured in<111>-PMN-32PT and<111>-PMN-34PT were found to be smaller,
which was attributed to their compositional distance from the morphotropic phase
boundary and the non-collinearity between the direction of applied electric field
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and the polar direction of the phase stable just below Td.
A region with negative ECE, which could be exploited to increase the efficiency
of electrocaloric cooling cycles, was identified for <001>-oriented PMN-30PT by
both direct and indirect measurements. This negative ECE was observed in the
vicinity of the low temperature field-induced structural phase transition, which
forms intermediate lower-symmetry monoclinic phases. The occurrence of this
phenomenon was found to require the combination of two parameters :
• An offset (non-collinearity) between the direction of application of the elec-
tric field and the polar direction of the phase (monoclinic) stable at the
corresponding electric field and temperature.
• The direction of application of the electric field needs to belong to the same
plane as the mirror plane in which this lower-symmetry monoclinic phase is
free to rotate.
The occurrence of this negative ECE can also be predicted from polarization
versus electric field measurements at different temperatures, as it was found to be
associated to a positive (∂P∂T )E.
9.3. Novel lead-free relaxor ferroelectrics
Once the most well-known class of electrocaloric materials, i.e. PMN-PT, along
with normal ferroelectric materials were characterized, several novel electrocaloric
lead-free relaxor systems, including perovskites, Aurivillius phases and tungsten
bronzes, were studied. In all these systems, the presence of a high temperature
second electrocaloric peak, sometimes far above the temperature of maximum
permittivity (Tm), was confirmed. It is now clear that this dual electrocaloric
peak originates from the two different contributions to the field-induced entropy
changes in relaxor ferroelectrics: the breaking of the long-range ferroelectric or-
der and the polar nanodomains[23, 24, 37]. However there had previously only
been reports mentioning this dual peak for materials with a perovskite structure,
and highly disordered layered structures such as Aurivillius phases and tungsten
149
Chapter 9. Conclusions and future work
bronzes will require more attention in the future, in order to understand the more
complex mechanisms responsible for the creation of this high temperature ECE
peak. The presence of this extra ECE peak confirms the great potential of relaxor
ferroelectrics for solid-state electrocaloric cooling over a range of temperature
broad enough for commercial application.
One of the aims of this research on electrocaloric materials was to tune the phase
transition closer towards room temperature. The temperature of the relaxor-type
transition of SrBi2(Nb0.2Ta0.8)2O9 was successfully decreased down to values much
closer to room temperature, by isovalent substitutions in the A site as well as in
the bismuth oxide layer. As predicted, The ECE was found to follow the increasing
trend observed on the dielectric permittivity versus temperature up to Tm. The
ECE then kept on increasing above Tm over a broad range of temperature. As
expected, the high dielectric strength of the studied Aurivillius phases allowed
strong electric field to be applied, up to 60kV/cm on bulk samples. However no
ECE higher than 0.8K was observed, most probably due to the poor polarizations
observed in the these materials. During future work on Aurivillius phases, other
substitutions should be studied in order to find a better trade-off between the
lowering of the position of the phase transition and the resulting decrease in
polarization. Furthermore, although understanding the origin of the complex field-
induced entropy changes in substituted Aurivillius phases is well beyond the scope
of this thesis, it is clear that the high cation disorder and resulting polar nano-
domains play a major part. It is therefore suggested that aliovalent substitutions
in the perovskite layer, which could produce polar nanodomains with increased
correlation length, could be the key to the creation of ECE in Aurivillius phases
high enough for commercial applications.
The class of the lead-free SrxBa1−xNb2O6 (SBN) tungsten bronzes, which pro-
vides high polar anisotropy, was also studied. The anisotropy of the electrocaloric
effect in these materials was characterized through the synthesis of textured ce-
ramics by hot pressing. Although the orientation dependence of the ECE in
textured SrxBa1−xNb2O6 (SBN) ceramics was not as significant as that of other
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properties such as dielectric permittivity or polarization, it is strongly believe
that highly oriented polar anisotropic ceramics could lead to enhanced ECE over a
broad range of temperature. This prospect, along with the high dielectric strength
of these materials, and the reduced cost of ceramics over single crystals, makes this
family of materials interesting for future electrocaloric research. Future work on
SBN should include direct ECE measurements performed in more oriented struc-
tures, such as SBN single crystals and thin films, as proof of the ECE anisotropy
in these systems.
9.4. Comparison between direct and indirect
measurements
Comparisons between direct and indirect measurements were performed on nu-
merous systems throughout this thesis, in order to identify the domain of validity
of the indirect method still overly used in the literature. A good agreement, in
both trend and absolute values, was found between both methods in the case of
normal ferroelectrics, such as BaTiO3, and weak relaxors, such as SBN(53/47). A
good agreement was also found between both methods for the PMN-PT relaxor
system below Tm. The indirect method even proved reliable to predict the pres-
ence of negative ECE observed near some of the field-induced phase transitions
in PMN-30PT single crystals. The only discrepancies observed in normal ferro-
electrics were attributed to temperature regions with strong thermal hysteresis,
which undermines the validity of the Maxwell relation used for the indirect esti-
mation. The agreement between both methods was found to be less satisfactory in
<111>-PMN-34PT, which was attributed to the significant polarization fatigue
observed in this material, especially around room temperature. This polarization
fatigue influences the value of (∂P∂T )E used in the indirect ECE method.
A completely different picture was observed for strong relaxor ferroelectrics.
The indirect ECE measurements were found to only be reliable at temperatures
below the long-to-short-range-order phase transition. At higher temperatures, the
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indirect ECE was found to starts decreasing after most of the polarization van-
ishes, while the direct ECE keeps on increasing due to the presence of an additional
contribution to the ECE. Special care should be taken when using the indirect
ECE method on relaxor ferroelectrics as it does not seem to be able to account for
the high temperature ECE peak. Our conclusion is that for any ferroelectric ma-
terial with γ>1, then trends and values of indirect electrocaloric effect obtained
between Tm and the Burns temperature (TB), where the properties are governed
by the short-range polar entities, are not valid as the Maxwell relation can only
account for field-induced entropy changes emerging from long-range ferroelectric
order.
9.5. Summary
This thesis has described the strengths and limitations of the direct and indirect
electrocaloric effect evaluation methods. It has been concluded that both methods
can give satisfactory results, but only when the mechanisms responsible for the
field-induced entropy changes are known in the investigated material. As the field-
induced short-range dipole alignment proved to be an important and promising
contribution to the ECE maximum, a special dedication to relaxor ferroelectric
was undertaken. For obvious environmental reasons, this research was focused on
potential candidates for solid state cooling materials, which are lead-free. This
direction proved to be an advantage as lead-free materials have higher dielectric
strength than their lead-containing counterparts. This thesis has also described
the importance of clever engineering of the polar direction of the electrocaloric
materials with regard to the direction of applied electric field.
It is suggested, from the conclusions presented here, that a novel electrocaloric
material, with an enhanced electrocaloric effect over a temperature range broad
enough for commercial application, could be produced in the form of a grain-
oriented ceramic of a lead-free highly disordered relaxor ferroelectric.
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